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Abstract 
Hollow section members are widely used in industrial applications for the design 
of many machine and structural components. These components are often fabricated at 
lower cost by welding rather than by casting or forging. For instance, in agricultural 
machinery, the hollow tubes are typically connected together through welding to form T-
joints. Such T-joint connections are also employed in other engineering applications such 
as construction machinery, offshore structures, bridges, and vehicle frames. In this 
dissertation, the behaviour of tubular T-joint connections, in particular square hollow 
section (SHS)-to-SHS T-joints, subjected to static and cyclic loads is studied both 
experimentally and numerically. 
The techniques used for the fabrication of the T-joint connections can affect their 
strengths to different degrees. With modern advances in manufacturing technologies, 
there are many alternatives for the fabrication of the T-joint connections. For instance, in 
recent years, the use of the laser beam has become increasingly common in industrial 
applications. From a manufacturing point of view, the T-joint connections can be 
fabricated by using traditional mechanical cutting or laser cutting techniques. Currently, 
for the fabrication of the T-joint connections, the straight edge of one tube is cut using 
mechanical tools (e.g., flame cutting) and then welded to the body of the other tube. A 
major contribution of this research work is investigating the feasibility of using laser 
cutting to produce welded square hollow-section T-joints with similar or higher fatigue 
strengths than their conventional mechanical cut counterparts. For this purpose, a total of 
21 full-scale T-joint samples, typical of those found in the agricultural machinery, are 
included for the study. Finite Element (FE) models of the T-joints manufactured with the 
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different cutting techniques are also developed and the FE results are verified with the 
experiments. The results of the numerical and experimental study on the full-scale T-joint 
samples show that the fatigue strength of the samples that are manufactured with laser 
cutting is higher than those fabricated with conventional mechanical cutting. 
From a structural analysis view point, despite of the wide use of tubular T-joint 
connections as efficient load carrying members, a practical but yet simple and accurate 
approach for their design and analysis is not available. For this purpose, engineers must 
often prepare relatively complicated and time consuming FE models made up of shell or 
solid elements. This is because unlike solid-section members, when hollow section 
members are subjected to general loadings, they may experience severe deformations of 
their cross-sections that results in stress concentrations in the connection‟s vicinity. One 
of the objectives/contributions of this research work is the better understanding of the 
behaviour of SHS-to-SHS T-joint connections under in-plane bending (IPB) and out-of-
plane bending (OPB) loading conditions. Through a detailed Finite Element Analysis 
(FEA) using shell and solid elements, the stiffness and stress distribution at the 
connection of the tubular T-joints are obtained for different loading conditions. It is 
observed that at a short distance away from the connection of the T-joints, the structure 
behaves similar to beams when subjected to loadings. The beam like stresses cease to be 
valid only in the vicinity of the connection. Therefore, several parameters are defined to 
recognize the joint‟s stress concentrations and the bending stiffness reduction. These 
parameters permit the accurate modelling of the tubes and the T-connection by simple 
beam elements with certain modifications. The models consisting of beam elements are 
significantly easier to prepare and analyze. Through several numerical examples, it is 
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shown that the modified beam models provide accurately all important information of the 
structural analysis (i.e. the stresses, displacements, reaction forces, and the natural 
frequencies) at substantially reduced computational effort in comparison with the 
complicated Finite Element (FE) models built of shell or solid elements.  
Another contribution of this research work is the FE modelling of the weld 
geometry and its effect on the stresses at the vicinity of the connection. The results of the 
FE modelling are verified through a detailed experimental study. For the experimental 
study, two test fixtures with hydraulic actuators capable of applying both static and cyclic 
loadings are designed and used. Strain gauges are installed at several locations on full-
scale T-joint samples to validate the developed FE models. It is shown that the membrane 
stresses which occur at the mid-surface of the tubes remain similar regardless of the weld 
geometry. The weld geometry only affects the bending stresses. It is also shown that this 
effect on bending stresses is highly localized and disappears at a distance of about half of 
the weld thickness away from the weld-toe. To reduce the stress concentrations at the T-
joint, plate reinforcements are used in a number of different arrangements and 
dimensions to increase the load carrying capacity of the connection. 
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Chapter 1. Introduction 
 2 
The first chapter of this thesis provides a brief background on tubular T-joint connections 
(in particular square hollow section (SHS)-to-SHS T-joints) and their use in industrial 
applications and structural components. The chapter also discusses the research 
objectives and a summary of the papers included in the thesis. The results of this study 
have been summarized in six research papers and have been submitted/published in 
technical journals and the proceedings of international conferences [1-6]. Six technical 
reports were also submitted to the industrial partner, Case New Holland (CNH) [7-12]. 
However, due to the need for brevity, only four of the research papers have been included 
in this thesis. These papers are presented in chapters 2-5. 
1.1. Background 
Hollow tubes have been widely used in the industry for the design of many structural 
components and load carrying members. The tubes are often connected together through 
welding, with one tube (i.e., cross-member) positioned perpendicular to the other tube 
(i.e., longitudinal member), thereby forming a T-joint connection (as shown in Figure 1). 
The applications of these T-joint connections range from bridge components and 
agricultural machinery in the construction industry to vehicle frames and pillars in the 
automotive sector [13,14].  
 
Figure 1: Full-scale T-joint connection used in agricultural machinery 
Cross-member 
Longitudinal-member 
Weld 
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From a manufacturing point of view, modern developments in cutting and welding 
techniques have provided engineers with a range of alternatives for fabricating structural 
components such as the aforementioned T-joints [15-18].  Consider a welded T-joint 
connection such as the one presented in Figure 1. Traditionally, for the construction of 
the T-joint, the straight edge of one SHS tube is cut by conventional mechanical cutting 
tools (i.e., torch or flame cutting) and then welded to the body of the other SHS tube to 
form the connection. In order to fill in all the gaps and to obtain an acceptable level of 
strength for the welded connection, two or three passes of weld are usually required. 
Alternatively, the cross member can be cut using a laser beam to fit the profile of body of 
the longitudinal member before welding (as shown in Figure 2). Then one pass of weld 
may be enough to obtain the same strength as conventional cut and several pass of welds.  
       
     (a)                                      (b) 
       
   (c)                                 (d)  
Figure 2: Test specimen: (a ) Schematics of traditional mechanical cut edge (b-c) 
Schematics of laser cut edge and (d) T-joint connection fabricated using laser cutting. 
 4 
The use of laser beam allows the possibility to cut components with complicated 
geometries with high precision. Even though laser cutting may increase the cost of 
manufacturing initially; however, it will reduce the overall cost and time of welding in 
the long run. Aside from the possibility to cut very complex geometries, cutting with 
laser has other advantages over conventional mechanical cutting. For instance, the high 
flexibility in changing from one geometry to another due to numerical control and the 
absence of mechanical tools. This is beneficial as it translates to shorter production series 
and quicker prototype developments [19-20].  
The cut edges of steel components by laser cutting differ from mechanically cut edges in 
properties, which influence the fatigue life of components to different degrees. Even 
though the use of laser beam in the industry is becoming more and more common, only a 
few researchers have studied the influence of mechanical cutting versus laser cutting. It is 
well known that the surface finish resulting from different machining operations can 
significantly affect the fatigue life of structural components [21]. The effect of different 
cutting techniques on the fatigue properties and hence the fatigue life of sheet steels have 
also been investigated in previous studies [19, 22-24]. The investigators have concluded 
that both under constant and variable amplitude cyclic loads, laser cutting produces 
higher fatigue strengths than its mechanical cut counterpart. 
Albeit the above mentioned studies on sheet steels that have suggested the improvement 
in fatigue properties of the specimens as a result of laser cutting, there are no such studies 
performed on full-scale and more complicated steel structures such as the aforementioned 
T-joints. To increase the use of laser cutting for such structures, there is a need for more 
testing and analysis. 
 5 
From a structural analysis view point, the design of tubular T-joints constructed from 
thin-walled members poses a challenge. This is because unlike solid-section members, 
when thin-walled members are subjected to certain types of loadings, they may 
experience severe deformations of their cross-sections in the connection‟s vicinity. Such 
deformations are local and their effects typically disappear within a short distance from 
the connection. However, these local deformations distort the stress flow between the 
cross and the longitudinal members. Under general loadings, some portions of the 
connection become “un-loaded” or carry very little load, causing the remaining portions 
to carry additional stresses. This results in an uneven stress distribution at the connection 
with high stress/strain concentrations occurring at some points. In addition to the 
distortion of the cross-sections in the vicinity of the connection, stress concentrations can 
also occur due to the requirement to match the deformation patterns along the walls at the 
connection of the longitudinal and cross members. 
The stresses which occur locally at the connection, can be many times larger than the 
nominal stresses in the connecting members. The ratios of the local stresses at the 
connection to the nominal stresses occurring away from the joint on the connecting 
members are referred to as the stress concentration factors (SCFs) [25,26]. The hotspot 
stresses are those which are obtained by the extrapolation of the local stresses to the 
perceived failure-critical points (such as weld toes) [27]. The significant stress/strain 
concentrations that occur in the vicinity of the connection of the tubular T-joints, 
substantially reduce the load carrying capacity of the structure as a whole. Therefore, the 
T-joint connections must be designed and reinforced in such a way to allow for the 
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smooth transfer of the forces and bending moments from one member to another; 
minimizing the stress/strain concentrations at the connection [28-29].  
Currently, despite the wide use of hollow section T-joints as efficient load-carrying 
members, a practical but yet simple and accurate approach for their analysis and design is 
not available. As a result, for the accurate design of a T-joint structure made up of hollow 
tubes, engineers must perform a detailed and relatively complex finite element (FE) 
analysis. Even though a detailed FE model constructed from solid or plate/shell elements 
with an accurate meshing can satisfactorily provide the stress distribution and the 
stiffness of the connection, it is computationally expensive [30-32]. The preparation of 
such models and their meshing can also be time consuming. However, without such 
models, the exact nature of the stress flow from one member to the other is not easy to 
predict and consequently the values of maximum stress and the connection's stiffness are 
difficult to estimate from standard engineering calculations. This has some practical 
implications on the design process. Such uncertainty of the joint behaviour is often the 
main cause of typical but unnecessary over-design of the members connected.  Therefore, 
the development of a practical but yet simple and accurate approach for the prediction of 
the stresses and the stiffness of the connection of such T-joints is desirable to engineers. 
Also, for the development of such an approach, a better understanding of the underlying 
mechanics for the transfer of the loads (i.e., forces and moments) from one member of the 
T-joint to the other is required.  
 
1.2. Research Objectives 
The research work that is presented in the following chapters of this thesis was 
undertaken to further understand the behaviour of SHS-to-SHS T-joint connections 
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subjected to static and cyclic loads. This will pave the ground for their increased and 
more reliable industrial implementation. Due to the wide use of SHS-to-SHS T-joints in 
many industrial applications, as explained in section 1.1, the development of a practical 
and accurate approach for their design and analysis is essential. For this purpose, the 
thorough understanding of the deformation patterns and the mechanism for the transfer of 
the loads (i.e., forces and moments) from one tube to the other is of significant 
importance. In addition, the behaviour of the T-joint connections under cyclic loads can 
significantly be affected by the techniques used for their fabrication. As stated in section 
1.1, with modern advances in the field of manufacturing, there are many alternatives for 
the cutting and welding of the T-joints. The use of laser technology has become 
increasingly common in the industry due to its potential of offering both technical and 
economical advantages. With this in mind, this research work also focuses on the 
practicability of using laser cutting technology to produce welded connections of higher 
strength than the “conventional” (i.e., fabricated using mechanical cutting tools) T-joints. 
Therefore, the objectives of this research can be summarized as follows: 
1- The use of laser cutting technology to produce SHS-to-SHS T-joint 
connections of higher fatigue strength in comparison with those produced using 
traditional mechanical cutting tools (chapter 5). 
2- Accurate FE modelling of the welded SHS-to-SHS T-joint, and the effect of the 
weld geometry on the stresses at the connection (chapter 4). 
3- The thorough understanding of the behaviour of SHS-to-SHS T-joint 
connections subjected to in-plane and out-of-plane bending loads (chapters 2 and 3). 
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4- The development of a simplified and accurate approach (based on objective 1) 
for the prediction of the maximum stresses and stiffness of the connection of SHS-to-
SHS T-joints (chapters 2 and 3). 
5- The proper reinforcement of the T-joint connection in order to improved its 
load carrying capacity (chapter 4). 
In order to achieve the objectives listed above, both a numerical (using finite elements) 
and an experimental study were carried out. For the verification of the developed FE 
models, two experimental test fixtures were designed and constructed. A summary of the 
methodologies used to accomplish these objectives is explained in section 1.3. The details 
of these approaches can be found in chapters 2-5. 
 
Remark: Because of the manuscript style of this thesis, equations, figures and references 
may be repeated in the thesis. 
 
1.3. Summary of manuscripts 
Chapters 2 through 5 of this thesis have been included to cover the objectives explained 
in section 1.2. That is, a thorough understanding of the behaviour of the T-joint 
connection subjected to IPB and OPB loads is first developed. For this purpose, FE 
models using shell and solid elements of relatively high density are employed. In chapters 
2 and 3, the FE models constructed for this purpose are presented. With the help of these 
models, the local stresses and the stress concentrations at the connection, as well as the 
joint‟s stiffness are determined. Based on this knowledge, a simplified approach using 
beam elements (with certain properties modified) is proposed for the analysis of SHS-to-
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SHS T-joint connections. The effectiveness of the approach is then presented through 
numerical examples and the consideration of a T-joint connection typical to that found in 
the agricultural industry. It is shown that the developed FE models constructed from the 
modified beam elements can accurately and efficiently predict the maximum stresses, 
reaction forces, deflections and the natural frequencies of the T-joint connection at 
considerably reduced computational effort. 
The experimental test fixtures developed for the verification of the finite element analysis 
(FEA) results are presented in chapters 4 and 5. In chapter 4, the detailed FE modelling of 
the weld at the connection of the tubular members is first discussed. Once an accurate 
model of the weld and the tubular members is developed, the results of the FEA are 
verified experimentally. Upon the verification of the constructed FE models, the effects 
of the weld geometry on the stresses at the connection are considered. Also, in order to 
improve the load carrying capacity of the T-joint with respect to plastic deformations and 
fatigue cracking, the reinforcement of the connection is considered. In chapter 5, the 
second experimental test fixture which has been designed for the study of the T-joint 
connections is presented. The focus of this chapter is on investigating the practicability of 
using laser technology to produce welded SHS-to-SHS T-joint connections with higher 
fatigue strengths than traditional mechanical cut T-joints. FE models of the two types of 
T-joints fabricated with the different cutting techniques are developed and the results of 
the FEA are further validated through their comparison with experimental results. The 
following sections provide a summary of each chapter.  
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1.3.1. Chapter 2: The In-plane Behaviour and FE modelling of a T-joint Connection 
of Thin-walled Square tubes (objectives 3 and 4) 
The contents of chapter 2 have been published in the Journal of Thin-Walled structures 
under the title of “The in-plane behaviour and FE modeling of a T-joint connection of 
thin-walled square tubes” [6]. In this chapter, detailed FE models of the SHS-to-SHS T-
joint connection using shell and solid elements are constructed. The T-joint‟s meshing 
patterns for the shell and solid elements are shown in Figure 3.  
 
      
(a)                                                                 (b)          
Figure 3:  The T-joint's meshing patterns for the a) shell and b) solid elements 
 
From the FEA results obtained using these models, the stresses and the stiffness of the 
connection are determined when the T-joint is subjected to IPB loading conditions (as 
shown in Figures 4a and b). It is observed that for such loading conditions, the stresses 
and the stiffness of the connection are only a function of the „thin-wallness‟ ratio,  a/t, of 
the tubes. This thin-wallness ratio is defined as the ratio of the side length, a, of the tubes‟ 
square cross-section to its thickness, t. Therefore, the parameters identifying the joint‟s 
stress concentrations (
m
, 
b
), and the bending stiffness reduction (
K
) are defined in 
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terms of the a/t ratio. The parameters 
m
 and 
b
 correspond to the values of the 
membrane stress and the bending stress amplifications, respectively. Also in this chapter, 
the reason for the stress concentrations at the connection of the thin-walled T-joint 
subjected to IPB loads is discussed in detail. It is shown that under IPB loading 
conditions, some portions of the connection carry very little or no load at all, 
consequently causing the remaining portions to carry additional stresses. This results in 
large stress concentrations in the vicinity of the connection (as shown in Figure 4c). In 
this figure, σnom refers to the nominal beam bending stresses and σmax refers to the 
maximum local stresses that occur at the connection of the thin-walled tubes. 
 
                                                                                
 
 
 
 
 
 
 
 
 
 
                                       Figure 4:  A thin-walled frame with T-joints 
 
It should be noted that if the stress distribution through the thickness of the tubes is non-
linear, solid elements should be employed for the FE modeling. This is because in the 
models constructed from solid elements, the displacement and stresses are calculated at 
every node and therefore the stress distribution across the tubes‟ thickness can be 
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determined. On the other hand, for the model constructed from shell elements, only the 
mid-surface of the structure is represented and a linear distribution of the through the 
thickness stresses is assumed. From the FEA results of the solid element model, a 
generally linear stress distribution across the thickness of the tubes is observed. 
Therefore, the use of shell elements for the analysis of the T-joint connection is 
appropriate. 
As mentioned in section 1.1, at a relatively short distance from the connection, the effects 
of the local stresses and deformations disappear. In chapter 2, it is shown that this 
distance is approximately equal to one side length of the tube‟s cross-section. It is 
observed that at this distance from the connection, the thin-walled T-joint behaves like a 
beam. This is used to identify the joint‟s rotational (bending) stiffness. For this purpose, 
the displacements of the tubular T-joint connection are divided into two components; the 
portion due to bending the tubes as beams, and the portion due to local deformations as a 
result of the thin-wallness. It is shown that the stiffness of the connection, KT, and the 
stiffness reduction parameter,
K
, are only dependent on the thin-wallness ratio, a/t. 
Based on the stress amplification and the stiffness reduction parameters presented in 
chapter 2, the T-joint connection can be modelled by simple beam elements when 
subjected to IPB conditions. The FE models constructed from beam elements are 
substantially easier to prepare and analyze. The effectiveness of the parameters and the 
proposed approach is demonstrated by applying it to a structure with a T-connection and 
dimensions typical for the agricultural industry. The stresses, displacements, reaction 
forces and also natural frequencies are first obtained from a model constructed from shell 
elements with over 36,000 degrees of freedom (DOF). Then the T-joint connection is 
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modelled by the modified beam elements with 90 (DOF). It is shown that the modified 
beam model provides accurately all the important aforementioned information of the 
structural analysis. This is done at a substantially reduced computational effort in 
comparison with the complicated FE models built of shell or solid elements.  
 
1.3.2. Chapter 3: Out-of-plane behaviour and FE modelling of a T-joint connection 
of thin-walled square tubes (objectives 3 and 4) 
The contents of this chapter have been submitted for publication in the Journal of Thin-
Walled structures under the title of “Out-of-plane behaviour and FE modelling of a T-
joint connection of thin-walled square tubes” [5]. One of the objectives of this chapter is 
the better understanding of the behaviour of SHS-to-SHS T-joint connections when 
subjected to OPB loading conditions (as shown in Figure 5). This chapter is an extension 
of chapter 2, in which the behaviour of T-joint connections under IPB loading conditions 
is examined. Similar to chapter 2, the FE models constructed from shell and solid 
elements are employed for this purpose. In this chapter, the transfer of the out-of-plane 
bending moment, Mt , through the connection of the T-joint is examined numerically.  
 
Figure 5: A thin-walled frame with T-joints subjected to OPB loads 
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Just as in the case of the T-joint connections subjected to IPB loading conditions, it is 
observed that for OPB loads, the T-joint connections behave as beams at a short distance 
from the connection. It is shown that this distance is equal to approximately a/2 as 
opposed to a for the case of IPB loads (as shown in Figure 6). In figure 6, 
x
m
 depicts the 
membrane stresses (i.e., those stresses which occur at the mid-thickness of the tubes) in 
the x-direction. It is observed that only in the very vicinity of the connection the beam-
like stresses cease to be valid. This is because the transfer of the bending moment through 
the connection of the T-joint is accompanied by severe local deformations and stress 
concentrations. 
            
                        Distance measured from the connection 
   (c) 
Figure 6:  Nominal beam stresses and membrane stresses obtained from FE models 
constructed from shell elements. 
 
For T-joint connections subjected to OPB loads, the reason for the stress concentrations 
at the connection appears to be mainly due to the requirement to match the deformation 
patterns between the longitudinal and the cross members. In such loading conditions, the 
parameters describing the joint‟s stress concentrations and the bending stiffness are not 
    nom  
x
m  
x
m  
  (In-plane)  
 (out-of-plane) 
  a =0.1016m 
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only a function of the 'thin-wallness' ratio, but also depend on the length of the 
longitudinal member. Such a phenomenon will be examined and explained in detail by 
the FE analysis presented in chapter 3. Based on the analysis, several parameters will be 
identified to relate the increases of the stress and compliance in the connection in terms 
of the member's a/t ratio (thin-wallness) and the length of the longitudinal member. For 
the calculation of the connection‟s stiffness and the corresponding bending stiffness 
reduction parameter, an approach similar to that discussed in section 1.3.1 is employed. 
That is, the displacements of the tubular T-joint connection are divided into two portions; 
one portion is due to the bending of the tubes as beams and another due to the local 
deformations at the joint.  
In order to demonstrate the effectiveness of the stress amplification and stiffness 
reduction parameters for OPB loading conditions, two numerical examples are 
considered. The first example demonstrates the effectiveness of the parameters for a 
static stress analysis, and the second for dynamics where the out-of-plane free vibrations 
of the frame are considered. A thin-walled frame with one T-joint is considered for both 
cases. The T-joint connection is modelled by both shell elements and the modified beam 
elements. Similar to the IPB loading conditions, it is observed that the reaction 
forces/moments, deflections, and the natural frequencies of vibrations can be calculated 
accurately with the use of the proposed parameters. As demonstrated, such an approach is 
capable of rendering the results that are similar to the results of the FE models consisting 
of much more complicated shell or solid elements. These models however, include 
several thousands more degrees of freedom and are much more difficult to construct and 
operate. 
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1.3.3. Chapter 4: Welded T-joint connections of square thin-walled tubes under a 
multi-axial state of stress (objectives 2 and 5) 
The contents of chapter 4 have been accepted (in press) for publication in the IMECE 
Journal of Strain Analysis for Engineering Design under the title: “Welded T-joint 
connections of square thin-walled tubes under a multi-axial state of stress” [3]. As 
mentioned in section 1.1., T-joint connections are often fabricated through the welding of 
their tubular members. When the T-joint is subjected to loadings, there exists significant 
stress and strain concentrations at the toe of the weld. As a result of these local notch 
stress concentrations, the weld toe is predominantly the location where fatigue cracks and 
plastic deformations first occur. In this chapter, a welded SHS-to-SHS T-joint connection 
is examined both experimentally and numerically under a multi-axial state of stress. The 
experimental test fixture and the FE model developed for this study are shown in Figure 7 
on the following page. 
In the experimental study, a test fixture with a hydraulic actuator capable of applying 
both static and cyclic loads is designed and used (shown in Figure 7a). In order to verify 
the FEA results of the numerical study, strain gauges are installed at several locations 
around the connection of two full-scale T-joints as shown in Figures 7c and 7d. The T-
joint specimens are identical to those found in many agricultural machinery. On these 
specimens, the strain gauges installed at each location are a two-channel 90º tee rosette 
strain gauge. These strain gauges can measure the strains perpendicular and parallel to the 
weld toe. 
The FE modelling of the welded T-joint connection is a challenging and delicate task due 
to the 3D profile of the weld. In chapter 4, the weld geometry is modelled using FE. For 
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this purpose, several full-scale T-joints are cut at different locations around the welded 
connection in order to obtain the size and depth of penetration of the weld. For the FE 
modelling of both the weld and the tubes, solid elements are employed. The reason for 
choosing solid elements is due to the inability of shell elements to accurately model the 
interaction between the weld and the tubular members. To assess the effectiveness and 
accuracy of the modelling, the numerical and experimental results are compared at 
several locations and different load levels to verify the reliability of the FE model. The 
results of this comparison are discussed in chapter 4, where it is shown that the developed 
model is reliable for the accurate prediction of the hotspot stresses of the T-joint. 
     
                              (a)                                                                  (b) 
 
      
                               (c)                                                                  (d) 
Figure 7: a) Overall view of the test fixture, b) Corresponding FE model with loading 
mechanism and applied boundary conditions, c) Close up view of the strain gauges 
installed, and d) locations of the strain gauges 
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The verified FE model is then used to study the through-the-thickness stress distributions 
of the tubes. In structural analysis, the stress distribution over the tubes‟ thickness can be 
divided into 3 components: 1) the membrane stresses (σm) , 2) the bending stresses (σb), 
and 3) the stresses from the local notch effect which in this thesis are referred to as 
σnonlinear. This decomposition of the local stresses in the vicinity of the notch is given as 
follow: 
nonlinearbmNotch
              (1) 
The membrane stresses are constant through the thickness of the tubes, while the bending 
stresses assume a linear distribution through the thickness, with the mid-thickness of the 
tubes serving as the neutral point. The remaining stresses, σnonlinear, are from the local 
notch effect and are nonlinear. It is shown that the membrane stresses remain similar 
regardless of the weld geometry. The weld geometry only affects the bending stresses. It 
is also shown that this effect on the bending stresses is highly localized at the vicinity of 
the weld toe. At a distance of about ½ of the weld thickness from the weld-toe, the effects 
of the weld geometry on the bending stresses becomes insignificant as well.  
As mentioned in section 1.1, the T-joint connection must be designed and reinforced in 
such a way that the hotspot stresses and strains at the connection are minimized. 
However, the reinforcement of tubular joints poses a challenge in engineering 
applications. The ideal reinforcement should not only reduce the maximum stresses at the 
connection, but also must be practical for employment in new and existing structures. In 
chapter 4, to reduce the stress concentrations at the T-joint, plate reinforcements are used 
in a number of different arrangements and dimensions. The effects of internal and 
external reinforcements for the T-joint are considered. The purpose of such reinforcement 
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plates is to limit the local deformations that occur in the vicinity of the connection of the 
tubular T-joints. It is shown that the external reinforcement plates can significantly 
increase the load carrying capacity of the connection. 
 
1.3.4. Chapter 5: The influence of mechanical and laser cutting on the fatigue 
strengths of square hollow-section welded T-joints (objective 1) 
The contents of chapter 5 have been submitted for publication in the ASME: Journal of 
Offshore Mechanics and Arctic Engineering, under the title: “The influence of 
mechanical and laser cutting on the fatigue strengths of square hollow-section welded T-
joints” [4]. A brief version of this paper will also appear in the CSME Forum 2010 [2]. 
As mentioned in section 1.1., modern developments in manufacturing (i.e., cutting and 
welding techniques) have provided engineers and designers with a wide range of 
alternatives for fabricating the tubular T-joint connections. With the use of laser 
technology becoming more common in the industry, it is important to investigate the 
possibility of using this technology as part of the fabrication process for the T-joint 
connections. Albeit previous investigations on sheet steels that have suggested superior 
fatigue properties as a result of laser cutting, there are no such studies in the literature on 
more complicated steel structures such as the T-joints considered in this study. To 
increase the use of laser cutting for such structures, there is a need for more testing and 
analysis. In chapter 5, the feasibility of using laser technology to produce SHS-to-SHS T-
joint connections of higher fatigue strengths than their traditional mechanical cut 
counterparts is investigated. For this purpose, both an experimental and a numerical study 
are carried out. 
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For the experimental study, the fatigue properties of the weld (i.e., electrode) and the 
parent material (i.e., steel used for the manufacturing of the tubes) were determined using 
laboratory krouse samples. The krouse samples were subjected to rotating bending 
fatigue tests and the S-N curves for both materials were obtained. It is observed that the 
fatigue strength of the weld material is higher than that of the parent material. For the 
fatigue tests of the full-scale T-joint samples, a total of 21 specimens typical of those 
found in the agricultural industry, were included. The samples that were fabricated using 
mechanical cutting (i.e., torch) are referred to as “conventional” samples, while those 
constructed using laser cutting technology are referred to as “couped”. The T-joint 
samples were examined with the intention to form a fatigue crack of approximately 3.8 
cm (1.5 inches) in length. A typical failed T-joint sample is shown in Figure 8.  
 
Figure 8: T-joint sample with fatigue crack initiated at the weld toe 
On two T-joints (one couped and one regular), several strain gauges were attached around 
the connection of each joint. The measured strains served for two purposes: 1) 
comparison of the strains that occur in the vicinity of the connection of the T-joints 
fabricated with the different cutting techniques, and 2) verification of the FEA results. 
The strain measurements from the couped and conventional T-joints show that the strains 
Crack 
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in the connection‟s vicinity for both samples are very similar. The details of the results 
are included in chapter 5. 
Finite Element models of the conventional and couped samples are also developed in 
chapter 5. To examine the welding, and to accurately model the welds for the FE study, 
several couped and conventional samples were cut at different locations of the 
connection. The FEA results of the numerical study were verified with the strain readings 
from the strain gauges for both types of T-joints. Similar to the experimental results, the 
FEA results also show that the stresses and the strains at the connection of the couped and 
regular samples are very similar to one another. The details of the FE modelling and FEA 
results are provided in chapter 5. 
The experimental results of the full-scale T-joints subjected to cyclic loads show that the 
couped samples have higher fatigue strengths than the conventional samples. This can be 
observed in Figure 9 which presents the load-life diagram of the couped and conventional 
samples.  
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Figure 9: Load-life diagram to failure for 3.8 cm (1.5 inch) fatigue crack for loads 
ranging from 4,500-12,000 lbs (20,017 to 53,379 N).  
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It should be noted that the crack length of 1.5 inches was chosen to ensure that the fatigue 
crack on all of the T-joint samples has reached a size which is visible without difficulty 
by the naked eye. The results of the experimental investigations presented in chapter 5 
suggest that the tubes can be effectively cut using a laser beam to fit the profile of body 
of the other tube before welding. Then the connection of the tubes only requires one pass 
of weld to obtain a higher fatigue strength than conventional cut and several pass of 
welds. This will be more economical and result in shorter production series and quicker 
prototype developments. The results of this research work can be used as a tool for 
engineers and researchers working in the manufacturing and construction industries. 
 
1.3.5. Chapter 6: Conclusions, Contributions and Future works 
The summary and conclusions of this research work are presented in this chapter. The 
contributions of the research are discussed. The directions for the future work on this 
research topic are also included in this chapter. 
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Chapter 2. The In-plane Behaviour and FE modelling of a T-
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ABSTRACT 
The behaviour of square hollow tubes with T-joints subjected to in-plane loading 
conditions is examined numerically. The stresses in the joint and its stiffness are 
determined from the finite element (FE) models using 2-D shell and 3-D solid elements. 
The parameters identifying the joint's stress concentration (
m
, 
b
), and the bending 
stiffness reduction (
K
) are defined in terms of the 'thin-wallness' ratio (the side length 
to thickness) of the tube. These parameters permit modelling accurately the tubes and the 
T-connection by simple 1-D beam elements with certain properties modified. The FE 
models consisting of beam elements are significantly easier to prepare and analyze. The 
effectiveness of the approach is demonstrated by applying it to a structure with a T-
connection and dimensions typical for the agricultural industry. It is shown that such 
beam models provide accurately all important information of the structural analysis (i.e. 
the stresses, displacements, reactions forces, and also the natural frequencies) at 
substantially reduced computational effort in comparison with the complicated FE 
models built of shell or solid elements.  
Keywords: hollow tubes, T-joint, finite elements, stress concentration, stiffness reduction.  
 
1.0 Introduction 
Hollow tubes are used extensively in the industry as load carrying members for many 
automotive parts, agricultural equipment and machinery. Such members are often welded 
together to form T-joints. Typically, a T-joint connection is formed by cutting the straight 
edge of one tube and welding it to the body of the other tube.  
The design and analysis of the T-joints of thin-walled members pose a challenge because, 
unlike solid-section members, thin-walled members may experience severe local 
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deformation of their cross-sections in the connection's vicinity when subjected to certain 
types of loadings. Such deformation distorts the stress flow between the members and 
may reduce substantially the load-carrying capacity of the connection. Some portion of 
the section becomes unloaded and carry very little or no load at all causing the remaining 
portion (usually closer to the corners of the connections) to carry a greater share of the 
load. This results in stress concentrations and may lead to the joint's premature failure. 
Unless a relatively complex and time consuming finite element (FE) analysis using either 
3-D solid or 2-D shell elements is performed, the exact nature of the stress flow is not 
easy to predict and consequently the value of maximum stress and the connection's 
stiffness are difficult to estimate from standard engineering calculations. Also, such 
uncertainty of the joint behaviour is often the main cause of typical but unnecessary over-
design of the members connected.   
 There are several numerical and experimental studies on the behaviour of T-joints under 
different types of loading. Lee et al. [1-2] examined the torsional behaviour of T-joints 
used in the automotive industry by using finite elements and comparing the results with 
experiments. 
The stresses in the connection of a double fillet-welded T-joint were investigated 
numerically in [3] under the plane-stress loading conditions, the accuracy was then 
verified by a photo-elastic stress analysis. The geometrical effect on the stress 
distribution at the weld toe for tubular T- and K-joints under axial loading was considered 
in [4-6]. The behaviour of reinforced T-joints with a doubler plate using the finite 
element method subjected to four basic loading conditions was considered in [7].  A 
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numerical/experimental study of composite T-joints was performed in [8]. The study 
investigated the T-joints behaviour subjected to tension force up to the ultimate failure.  
Simplified load-moment interaction curves for square steel tubes filled with high-strength 
concrete were proposed in [9-10]. Parametric equations relating the stress concentration 
factors to basic geometrical parameters of reinforced T-joints of circular tubes were 
presented in [11-12].  
This paper focuses on understanding the in-plane behaviour of the T-joint connection of 
two hollow tubes of square cross-sections. Relatively high density shell/solid models are 
used to analyze the transfer of bending moment through such a connection.  The 
membrane and bending effects in the walls of the connecting tubes and their effects on 
the joint's strength are examined in detail. Several parameters characterizing the 
connection's stiffness and the stress concentrations are introduced and defined in terms of 
the tube‟s width-to-thickness ratio. These parameters permit modelling the connection 
accurately by beam elements. This renders a drastic reduction of the computational effort 
in comparison to the shell/solid elements models. The approach is illustrated by the 
example of a general thin-walled frame with the T-joint loaded in-plane which is first 
solved by a shell model and then by a beam elements model. The stresses, deflections, 
reaction forces, and frequency spectra obtained for both models are compared to verify 
the approach's correctness. 
 
 
2.0 Thin-walled frames with T-joint connections.  
 
 
The problem of efficient modelling of thin-walled frames with T-joints loaded in -plane 
is considered (see Figure 1a). In engineering practice the T-joints are weak points of such 
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frames, with the first signs of fatigue cracking or plastic deformations typically appearing 
there. On the other hand, at some distance from the joints, the hollow tubes behave 
similarly to beams in bending. From the viewpoint of stress/deformation analysis, the 
joint requires a complex 3-D stress analysis with a large number of elements to achieve 
sufficient accuracy, while the beams can be handled by either simple beam elements or 
even by hand calculations.  
The main reason for the difficulties with the joint's analysis may be attributed to the fact 
that for thin-walled tubes the stress flow due to the total (resultant) bending moment 
t
M  
in the cross member cannot be transferred smoothly to the longitudinal member because 
of the lack of sufficient support along side AB of the connection. As a result the constant 
'beam' type stresses at the central portion of this side are reduced as sketched in Figure 
1c. Therefore, the part of stress flow from side AB must be redirected to the supported 
side BC, which of course brings about the stress concentration and additional 
deformations (sides AB and BC will be referred to as 'side' and 'top' respectively from 
hereon). The nominal 'beam' stress 
nom
 due to bending 
t
M  becomes amplified to the 
value 
max
.  
The relative amplification 
nom
/
max
 as well as the extra deformation experienced by the 
joint will be dependent only on the a/t ratio of the tube.  These effects are highly 
localized at the T-joint and can be analysed separately from the rest of the frame.  That's 
why only a fragment of the frame shown in Figure 1b, with a cross member of length L   
and a longitudinal member of length 
1
L  , is modeled for the FE analysis. As long as  
L,
1
L >>a  the values of L, 
1
L , and the boundary conditions at the ends of the tubes are 
somewhat arbitrary. 
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Figure 1.  A thin-walled frame with T-joints 
 
The bending moment to be transferred from the cross member to the longitudinal member 
is )2/( aLFM
t
. The cross member axis is denoted by x. The components of stress in 
the wall of this member in the plane x=a/2 are the main interest of the analysis.  
For the numerical analysis the following dimensions were adopted: L= 406.4mm. 
1
L = 
444.5mm, a= 101.6mm, while the thickness t varied from 0.794mm (a 'thin-walled' case 
of a/t=128) to 49.53mm (a 'thick-walled' case of a/t=2.1).  The force F=17,793N 
(4,000lbs) was applied throughout the calculations reported in the next section. For the 
above geometry, the FE stress results at the T-connection (sections AB and BC) 
presented in the following sections were found to be numerically identical independent of 
whether F was equally distributed or applied at four corners of the tube's end.  
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t
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3.0 Finite Element Analysis  
The tube's wall of the frame members can be modeled either by several 3-D solid 
elements across the thickness t (we used 4 elements as shown in Figure 2a) or, for a 
sufficiently large a/t ratio, by one shell element with the in-plane and bending stiffness 
capabilities built-in (Figure 2b). Elements solid45 (8 nodes, linear shape functions) or 
solid95 (20 nodes, quadratic shape functions), and shell63 (4 nodes) from the ANSYS 
program library are selected.  
 
 
 
 
 
 
 
 
                   
                                              Figure 2. Modeling the tube's wall 
 
These two different types of the FE models (to be referred to as solid and shell models 
respectively) are used for comparison and to verify convergence.  In the solid model the 
displacements and stresses are calculated at every node so that the stress distribution 
across the thickness can be determined.  In turn, the shell element assumes the linear 
variation of the displacements and stresses across the thickness.  The shell model allows 
t 
T 
M 
t 
top
 
bot
 
m
 
a) Solid elements b) Shell element 
O O 
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calculating the displacements and rotations, and then the forces and moments at the nodes 
which are always positioned at the middle surface of the tube. 
 3.1 The stress results 
In the solid model a generally linear stress distribution across the thickness was observed 
with 2/)(
bottopm
, where 
m
, 
top
, and 
bot
 can be read from the results files for 
the middle, top, and bottom nodes respectively. The stress at the middle node, 
m
, can be 
considered average for the wall and it will be referred to as the membrane stress. At a 
distance of about a from the connection on the X1 axis (see Figure 3c, which was 
obtained for a/t=16) this stress becomes the 'beam' bending stress defined as: 
  z
I
M
y
t
m
    where      )1(
3
2
2
2
3
a
t
taI
y
                                                     (1) 
y
I  denotes the area moment of inertia for the tube.  Note that the nominal stress (see 
Figure 1c) representing the tension/compression in the side walls of the cross member in 
the case of members with undistorted cross-sectional areas is: 
 
2
a
I
M
y
t
nom
                                                                                                      (2) 
The plot in Figure 3c also helps in understanding why a particular pattern of applying F 
at X1=0.41m is not affecting the stresses at the T-connection (i.e. at X1=0). 
In turn the stress 2/)(
bottopb
 is interpreted as locally bending the wall.  At the 
sufficient distance from the connection 0
b
 for the top wall CB, while for the side 
wall AB: 
 
2
t
I
M
y
t
b
.                                                                                                       (3) 
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(b)                                                                 (b) 
 
           
      (c) 
  
Figure 3.  The T-joint's meshing patterns for the shell (a) and solid  (b) elements, and (c) 
nominal beam stresses and membrane stresses obtained from shell model 
 
In the shell model the corresponding membrane and bending stresses are calculated from: 
t
T
m
 and 
2
6
t
M
b
                                                                                    (4) 
where T and M are the nodal force and bending moment (see Figure 2b) available from 
the results files.  
The meshing patterns for these two models are similar, as indicated in Figure 3a and b.  
It should be noted that the shaded area in Figure 2 is modelled by 30 DOF (10 nodes 3 
DOF/node) when using linear solids, or by 12 DOF (2 nodes 6 DOF/node) when using 
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shells. Consequently the solid model requires about 2.5 as many DOF as the shell model 
(this ratio increases to about 5.5 if the quadratic solids are used). 
Typical stress distribution for the connections along AB and CD are shown in Figure 4. 
These results were obtained using the shell model for t=6.35mm (a/t=16) for which 
nom
=82.2MPa . The membrane forces 
x
T  on side BC and AB as obtained from ANSYS 
are plotted in Figure 4a, similar plots can be obtained for 
y
T ,  
z
T , 
x
M , and so on. The 
stresses are thereafter calculated from these in-plane forces and moments.  
The stresses shown in Figure 4 are denoted as follows: 
x
m
 and 
x
b
 represent the 
membrane and bending stresses in the x-direction respectively for sides AB and CD, 
y
m
 
and 
y
b
 represent the membrane and bending stresses in the y-direction acting on top BC, 
z
m
 and 
z
b
 represent the membrane and bending stresses in the z-direction acting on side 
AB, and 
zx
m
 and 
zx
b
 are the in-plane membrane and bending shear stresses. Note the 
dominating role of the stresses in the x-direction. Also note that 
nom
x
m
/)(
max
3.41. 
The stresses in the walls of the connection for other a/t ratios were analyzed in a similar 
manner. 
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(a)                                                               (b) 
 
       
   (c)            (d) 
 
              
   (e)               (f) 
 
Figure 4. The forces and stress variations for t=6.35mm: (a, b) Force 
x
T  on BC and AB, 
(c, d) Membrane stresses on BC and AB, (e, f) Bending stresses on BC and AB. 
 
For comparison, the plots of 
x
m
 obtained from the solid and shell models are presented 
in Figure 5 for  the case of  t=6.35mm (a/t=16) and the meshing shown in figure 3 with 
the sides AB and CB each divided into 11 elements. It is observed that the quadratic (20-
noded) and linear (8-noded) solid elements provide nearly identical stress values. In 
addition, these stress values are in close agreement with the stresses obtained from the 
shell model. Similar results can be plotted for the other a/t ratios. 
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Figure 5: Comparison of 
x
m
  by using different elements. 
 
The effects of the a/t ratio on the
x
m
 distribution are shown in Figure 6. The stress values 
are normalized by dividing them by the corresponding nominal stresses. Note that for the 
ratio a/t=16 and higher the central part of side AB does not carry almost any load. On the 
other hand, the stresses become more uniformly distributed (with 
x
m nom
) for thick-
walled tubes. 
The values of the maximum membrane and bending stresses, as well as the nominal beam 
bending stress for different a/t ratios are listed in Table 1.  
Table 1: Beam membrane, bending, and nominal stresses  
in the T-connection 
(a/t) 
Maximum 
x
m
 
(MPa) 
 
Maximum 
x
b
 
(MPa) 
nom
 
(MPa) 
2.1 11.2 17.3 7.34 
2.7 17.4 24.9 11.0 
4.0 34.6 43.6 18.6 
8.0 107 102.1 40.3 
16.0 280 192.6 82.2 
32.0 629 287.1 165 
64.0 1300 347.5 331 
128.0 2600 367.8 662 
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(a) 
 
(b) 
Figure 6: The normalized membrane stresses,
x
m
/
nom
 for BC (a) and AB (b) 
 
The amplification of the maximum membrane stress (at corner B) due to the thin-
wallness of the tube is characterized by the stress amplification coefficient 
m
 defined as: 
  
m
= 
nom
x
m max
)(
                                                                                                    (5a) 
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A similar amplification for the maximum bending stress (at corner B) can be defined as 
follows:  
  
b
= 
nom
x
b max
)(
                 (5b) 
These two coefficients are plotted in Figure 7 for different a/t ratios (the meaning of b is 
explained later). Note that the value of 
m
 approaches four as the connection becomes 
very thin-walled. With the amplification 
m
 known, it is possible to calculate the 
maximum membrane stresses in the T-joint based on 
nom  calculated from the simple 
beam model. Similarly, the amplification 
b
can be used to find the maximum bending 
stresses in the T-joint. 
                       
 
Figure 7: Effect of a/t ratio on the stress amplification and the equivalent width b. 
It should be emphasized that considering the membrane (
m
) and bending (
b
) stresses 
separately has some practical advantages. Our numerical experiments indicate that the 
effects of a particular geometry of welds (which can be included in the 3D solid model) 
 b/a 
m
 
b
 
a/t 
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on the membrane stresses are negligible (only 
b
 is affected). Also, the real shape of the 
weld, especially inside the tube, is usually somewhat random and difficult to determine 
precisely. On the other hand, for thin-walled tubes the membrane stresses carry almost 
the entire moment 
t
M  applied to the connection (for straight beams the stress 
b
 
bending the walls contributes only to a fraction, equal to about 2)2/( at , of 
t
M  ). That's 
why the membrane stresses are crucial for understanding how  
t
M  is being transferred 
through the connection. Similar conclusions were drawn in [13-14].   
The results in Table 1 indicate that with the a/t ratio increasing, the membrane stresses 
increase faster than both the bending stresses and the nominal stresses. Interestingly, the 
membrane stress amplification parameter 
m
, which grows steeply for small a/t, levels 
off for larger values of a/t ratio. Despite the bending stresses continuously increasing 
with a/t values, the bending stress amplification parameter 
b
 peaks at a/t=8, which 
seems to be a consequence of the bending stresses increasing less than  the nominal 
stresses  for higher a/t ratios. 
The shell model of the connection was also checked for local buckling of the tube's wall 
indicating high values of safety factors for stability. This can be explained by the fact that 
the compressive membrane stresses from the middle portion of section AB are shifted to 
the corners reducing the possibility of buckling the wall. 
The results in Figure 7, in particular the limiting value of 
m
 for large values of the a/t 
ratios can be physically interpreted as follows. As the connection becomes more and 
more thin-walled, from the plots in Figure 6 it is observed that the stresses become less 
and less uniformly distributed and the majority of the load is being carried by the top BC 
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and the corners of the connection. Thus, one can assume that for a/t>>1 only the top side 
BC and the corresponding bottom side of the tube (shadowed in Figure 8b) carry the total 
moment 
t
M .  The area moment of inertia for such a section is reduced to taI
y
3
6
1  
from taI
y
3
3
2   for the full section in Figure 8a. Therefore, the ratio of the nominal 
stresses for sections (b) and section (a) is: 
4
y
y
nom
nom
I
I
                                                                                                         (6) 
which is the same as the value of parameter 
m
 at the limit (for  a/t>>1).  Accordingly, it 
may be assumed that for any intermediate value of a/t, only a fraction of the side AB of 
width b is carrying the stress 
B
m ax
 (calculated for corner B from FE models) as indicated 
in Figure 8d.  
 
 
 
 
 
                                   
 
 
 
 
 
                                           Figure 8. Equivalent width of side AB of the tube.   
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This way 
B
m ax
 plays the role of the nominal stress for the section in Figure 8c for which 
)/31(
3
6
1 abtaI
b
y
.  Therefore:  
abI
I
b
y
y
nom
B
m
/31
4
max   or       )1
4
(
3
1
m
a
b
                                          (7) 
The dependence of the b/a ratio on the thin-wallness a/t is shown in Figure 7. For 
example, if a/t=16 then b/a=0.058 (the stress distributions for this case were presented in 
Figure 4), which indicates that only 5.8% of the side wall carries the load due to the 
bending moment 
t
M .  
In conclusion, the plots in Figure 7 permit treating the thin-wall tubes in the stress 
calculation of the T-joints as standard beams with either using only width b of the side 
AB (as in Figure 8c with the moment of inertia 
b
y
I ) of the cross-section , or using the full 
cross-section (as in Figure 8a with the moment of inertia 
b
I ) and multiplying the stress 
by the parameter  
m
.   
3.2 The bending stiffness of the T-joint 
As shown previously, at a sufficient distance (approximately equal to a) from the T-joint 
connection the tubes behave like beams. This can be used to identify the joint's rotational 
(bending) stiffness using the following approach.  The total displacement under the force 
F can be decomposed into the portion due to bending the tubes as beams, and the portion 
due to local deformations at the joint (see Figure 9), that is: 
Luu
beamF
                              (8) 
The total displacement 
F
u  for an assumed a/t ratio can be calculated from the FEM 
model (using either solid or shell elements). Displacement 
beam
u  can in turn be obtained if 
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the tubes are modeled as beams (we used the ANSYS' beam3 elements) with the bending 
stiffness 
y
EI  rigidly connected at T. 
 
 
 
 
 
                                Figure 9: Rotational stiffness of the T-joint 
 
Therefore, the rotational stiffness of the joint can be defined as:  
beamF
T
T
uu
FLM
K
2
                                                              (9)  
 
Note that both 
F
u  and 
beam
u  vary with the a/t ratio as depicted in Figure 10. 
 
  
 
Figure 10: Effects of a/t ratio on the displacements 
F
u  and 
beam
u  
 
The calculated values of the stiffness 
T
K  for the range of the a/t ratio are plotted in 
Figure 11. It is convenient to interpret the stiffness 
T
K  in relations to the beam 
stiffness
y
EI using the following reasoning. 
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                       Figure 11. Effects of a/t ratio on the rotational stiffness of the T-joint. 
 Assume that the tubes in the vicinity of the T-joint are modeled by the beam elements as 
depicted in Figure 12. The rotational stiffness of the connection can be embedded in the 
element 
1
TT  of length a/2 in the form of the bending stiffness reduction parameter 
K
(i.e., the bending stiffness of this element is
Ky
EI /  ). 
 
  
 
 
 
 
 
 
                   
     
 
  
 
               Figure 12. The bending stiffness reduction coefficient 
 
Note that for this element 
K
y
T
EI
aM 2/
. Substituting into (9) renders: 
T 
a/2 
 
1
T  
Ky
EI /  
T
M  
z 
x 
y
EI  
y
EI  
cross member 
beam element 
 K
T
  
x
 1
0
6
 (
N
m
) 
 
       ta /  
 46 
K
y
T
a
EI
K
1
2/
         or              
T
y
K
Ka
EI 1
2/
                                                        (10) 
The values of 
K
 calculated for different a/t ratios are plotted in Figure 13. 
 
 
Figure 13: Parameters, 
K
and 
m
 
Interestingly, in terms of the ta /  ratios, the plot of 
K
 is almost identical to the plot of 
m
. In particular 4
K
 for ta / >>1 which again indicates that for very thin-walled 
tubes only the section in Figure 8b contributes to the stiffness of element 
1
TT .  Clearly, 
parameter 
K
 permits inclusion of the local deformation at the T-joint without actually 
using complex models such as those shown in Figure 3. Instead, the joint's stiffness 
characteristics can be recreated by using one modified beam element 
1
TT  as shown in 
Figure 12. This should substantially simplify any static (and dynamic) FE analysis of the 
frame structures similar to that shown in Figure 1a, which is numerically verified in the 
next section. 
 
 
4.0 Application of the stress amplification and stiffness reduction parameters 
 
In this section, the thin-walled frame with one T-joint and the dimensions as shown in 
Figure 14, loaded by two forces 
1
F  and  
2
F  is considered. For this frame the ratio a/t=16 
and the corresponding stiffness reduction and stress amplification parameters (plotted in 
Figure 13) are 
K
=3.40 and 41.3
m
, respectively. The displacements of the center of 
m
 
  
K  
a/t 
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the frame at the ends A and B are fixed, while the end C is free. The calculated reaction 
forces at A and B, the displacement of C, and the maximum stresses at the joint were 
recorded for two loadings: case 1 for which 
1
F =44,482N (10,000lb), 
2
F =0, and case 2 
with 
1
F =44,482N, 
2
F =25,000N (5620lb). The frame was first modeled by 30 beam 
elements (90 DOF) as shown in Figure 14a.  
  
 
 
     
   (a)           (b) 
 
Figure 14: The thin-walled frame modelled by: a) beam elements, b) shell elements  
 
The stiffness of the element between nodes 11 and 22 was reduced by 3.40.  Then the 
frame was modeled by shell elements (this model had over 36000 DOF). The reaction 
forces, the displacement of C, and the maximum stress from both models are listed in 
Table 2. The bending moment in node 22 of the beam model is used to determine the 
nominal bending stress for this T-joint.  
As can be seen the percent errors of the modified beam model for the case 1 loading  are 
all less than 2%, and for the case 2 loading are all within 5%. As a point of interest, if the 
element between nodes 11 and 22 is not modified then the reaction error increases to 
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about 24% (
31y
R =10,901N) for case 1 and 26% (
31y
R =-6,334N) for case 2. If no stress 
amplification parameter is used then the error in the maximum stress increases to 58% 
(
max
=107MPa) for case 1, and 62% (
max
=106MPa) for case 2. The error in 
displacement of C increases to over 4% for both cases. 
 
Table 2: Comparison of modified beam and shell models 
Case 1  Rx2(N)    Rx31 Ry21 Ry31 
Defl. of C 
(mm) 
Max Stress  
(Mpa) 
 Beam Model (modified) -27897 72379 -8722 8722 -0.2159 250 
Percent error -1.12% -0.43% 0.78% 0.78% -1.47% 1.96% 
Shell Model -27587 72069 -8791 8791 -0.2128 255 
              
Case 2             
Beam Model (modified) -24828 69311 -16094 -8906 -0.2065 294 
Percent error -3.13% -1.10% 2.00% -3.82% -1.75% -5.00% 
Shell Model -24074 68556 -16422 -8578 -0.2029 280 
 
In addition to the static stress/displacement analysis, the in-plane free vibrations of the 
frame were considered. The frequencies of the first two in-plane vibration modes for the 
shell model were 95.47Hz and 398.8Hz respectively.  For the beam model with modified 
element 11-22 the same frequencies were 93.79Hz (-1.8% error) and 388.7 (-2.5% error) 
respectively. If the element 11-22 was not modified then the first frequency would 
become 107.7Hz (+12.8% error), while the second frequency would be 388.5Hz (-2.6% 
error). The second frequency was almost unaffected by the modification because the 
deformation of element 11-22 in this particular mode was insignificant.   
It should be noted that the FE model of the frame made of beam elements is drastically 
easier to build and operate than any model made of shell or solid elements. The number 
of DOFs in the model in Figure 14a is about 4000 times smaller than the corresponding 
model in Figure 14b (for the static analysis the beam model can further be reduced by 
using only five elements between the nodes 1-11, 11-21, 11-22, 22-28, and 28-31). 
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5. Conclusions  
 
This study proposed an accurate and numerically efficient approach to modeling in-plane 
loaded frames made of hollow square tubes connected by T-joints. The local effects at the 
joints are characterised by the stress concentration (
m
, 
b
) and the stiffness reduction 
parameters 
K
, which are determined in terms of the a/t ratio. The stiffness reduction 
parameter allows modelling the T-joint by one beam element with modified bending 
stiffness. Since away from the joint the tubes behave like beams, the entire frame can be 
effectively modeled by simple beam elements with the reaction forces/moments, 
deflections, and the natural frequencies of in-plane vibrations calculated accurately. 
Then, using the forces from the beam model, the maximum stress in the frame can be 
calculated by applying the parameters 
m
, 
b
. As demonstrated, such an approach is 
capable of rendering the results that are similar to the results of the FE model consisting 
of much more complicated shell or solid elements. These models however, include 
several thousands more degrees of freedom and are much more difficult to construct and 
operate. 
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ABSTRACT 
 
The behaviour of square hollow tubes with T-joint connections subjected to out-of-plane 
loading conditions is examined numerically. Finite element (FE) models using 2D shell 
and 3D solid elements of relatively high density are used to determine the stresses in the 
joint and the joint‟s stiffness. The parameters describing the joint's stress concentration 
and the bending stiffness reduction are defined in terms of the 'thin-wallness' ratio (the 
ratio of side length to thickness of the tubes‟ cross-section) and the length of the 
longitudinal member and the geometric asymmetry of the T-joint connection. These 
parameters permit modelling accurately the tubes and the T-connection by simple one 
dimensional beam elements with certain modifications. The FE models consisting of 
beam elements are significantly easier to prepare and analyze. To illustrate the 
correctness of the approach, a structure with a T-connection and dimensions typical for 
the agricultural industry is considered. It is shown that the modified beam models provide 
accurately all important information of the structural analysis (i.e. the stresses, 
displacements, reaction forces, and the natural frequencies) at substantially reduced 
computational effort in comparison with the complicated FE models built of shell or solid 
elements. This can be considered the main contribution of this research paper. Using a 
simplified FE analysis for design has always been attractive to practicing engineers. 
Keywords: hollow tubes, T-joint connection, finite elements, stress concentration, 
stiffness reduction.  
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2.0 Introduction 
Hollow tubes have been widely used in the industry for the design of many structural 
components. The applications of these members range from bridge components in the 
construction industry to vehicle frames and pillars in the automotive sector. The hollow 
tubes are often connected together through welding to form T-joints. Despite of the wide 
use of these hollow tubes as efficient load-carrying members, a practical but yet simple 
and accurate approach for their analysis and design is not available. Consequently, for the 
accurate design of a T-joint structure made up of hollow tubes, engineers must perform a 
detailed and relatively complex finite element (FE) analysis. For this purpose, 3D solid or 
2D plate/shell elements with fine mesh sizes at the connection must be employed. Such a 
meshing is required because of inherently local deformations present in this thin-walled 
connection under general loadings.  
Unlike solid section beams, in the connection‟s vicinity, thin-wall members may 
experience severe distortion of their cross-sections. This disturbs the stress flow between 
the members bringing about significant stress concentrations at the corners of the 
connection [1]. The magnitude of these stress concentrations depends on the type of 
loading and certain geometrical parameters of the T-joint. Although a detailed 2D or 3D 
FE analysis of the thin-walled structure can satisfactorily provide the state of stress and 
stiffness of the connection, it is computationally expensive. This has some practical 
implications on the design process. For instance, in the automotive industry the initial 
design and analysis of the vehicles‟ frame is typically based on simple beam models [2-
4]. The uncertainty and lack of a thorough understanding of the behaviour of the thin-
walled structure is often causing unnecessary over-design of the T-joint. 
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Several researchers have examined the behaviour of T-joint connections both 
experimentally and numerically under different types of loadings. For example, circular 
hollow section (CHS) tubular T and K joints were studied by Shao et al [5-6]. The joints 
were subjected to axial loading and were studied both numerically and experimentally. 
To obtain the maximum stresses at the connection, parametric equations were proposed 
based on the geometric parameters of the circular hollow tubes. These parameters 
included the diameter and the thickness of the tubes. Pang et al. [7] performed a series of 
three dimensional finite element (FE) studies on CHS-to-CHS T-joints in order to 
determine the maximum stresses at the connection. The joints were subjected to the 
combined action of in-plane bending (IPB) and out-of-plane bending (OPB). The hot spot 
stress approach which requires the determination of the maximum stresses at the 
connection was used to study the cyclic fatigue behaviour of tubular T-joint connections 
in [8-9]. The joints were subjected to IPB and OPB loading conditions. In those studies, 
detailed 2D and 3D FE models were used to accurately determine the maximum stresses 
at the connection. Mashiri et al. [10-12] studied the strain and stress concentration factors 
(SCFs) of CHS-to-plate, CHS-to-CHS and square hollow section (SHS)-to-plate T-joints 
under IPB conditions. 
Eight rectangular hollow section (RHS)-to-CHS T-joints were experimentally studied in 
[13]. In that study, both static and cyclic loadings were applied in IPB conditions and the 
SCFs were determined. Van der Vegte et al. [14] examined the effects of boundary 
conditions and chord length on the ultimate tensile strength of axially loaded CHS planar 
T-joints. Jun Li et al. [15] studied the behaviour of solid and thin-walled composite joints 
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subjected to coupled flexure-torsion. In that study, the dynamic behaviour of such joints 
was examined through a detailed numerical analysis using finite elements. 
The present paper is an extension of the authors‟ previous work [1] on the behaviour of 
SHS-to-SHS T-joints under the IPB conditions, in which an approach was proposed to 
accurately and efficiently analyze such connections subjected to in-plane loads. This 
motivated the authors to extend the approach to situations where the T-joint connection is 
subjected to out-of-plane loading (OPB conditions).  
One of the objectives of this paper is the better understanding of the out-of-plane 
behaviour of the T-joint connection of two hollow tubes of square cross-sections. The FE 
models using 2D shell and 3D solid elements are employed to examine the transfer of an 
out-of-plane bending moment through such a connection. Several parameters 
characterizing the connection‟s stiffness and the stress concentrations are introduced and 
defined in terms of the tube‟s thin-wallness ratio and the length of the longitudinal 
member. Using these parameters, a simple and accurate approach is proposed to allow 
modelling the thin-walled tubes‟ with the help of beam elements with certain properties 
modified. This one dimensional approach results in a significant reduction of 
computational effort in comparison to the high density shell/solid element models. In 
addition, the equivalent FE models made of beam elements are significantly easier to 
prepare and analyze. The approach‟s correctness is verified by two examples of general 
thin-walled frames with a T-joint connection and out-of-plane loading. The stresses, 
reaction forces, deflections, and the natural frequencies are obtained first by a shell model 
and then by an equivalent beam model to illustrate the effectiveness of the approach.  
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Using this simplified FE approach for the analysis of thin-walled T-joint connections 
subjected to OPB loads can be considered as the main contribution of this work. 
 
2.0 Thin-walled frames with T-joint connections 
The FE modelling of thin-walled frames with T-joints subjected to out-of-plane loading 
conditions is considered (see Figure 1a). The mesh generation is an important step to 
achieve a satisfactory accuracy of the results at a reasonable computational effort. To 
study the behaviour of thin-walled frames, researchers often use a so called “sub-zone” 
mesh generation technique for the FE modelling [16-18]. In this approach, based on the 
anticipated stress/strain gradients, the structure is divided into three regions: 1) the far 
field zones, 2) the transition zones, and 3) the refined zones.  
In a thin-walled frame with T-joints, the far field zone regions should be sufficiently 
distant from the connection. Element sizes in these regions may be quite large and have 
no or insignificant effect on the stresses at the connection. The refined zone consists of 
regions very close to the connection of the tubes, and small elements are required to 
capture the state of stress and to determine the stress concentration factors at the 
connection. The transition region connects the refined and far field zones.  
The T-joint connections of the thin-walled frame are usually weak points of the structure, 
experiencing local failures due to severe stress/strain concentrations. Therefore, the FE 
analysis of this portion of the structure should be done carefully, so that the meshing of 
the refined zones provides sufficient accuracy. Using the sub-zone mesh generation 
technique is very beneficial; it significantly reduces the number of degrees-of-freedom in 
the 2D or 3D FE models. This type of meshing of the tubes also results in lower 
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computational times. These models however, are still much more difficult to prepare and 
analyze than one-dimensional beam models proposed and analyzed in this paper, which 
can even be solved by hand calculations. 
 
 
                                                                                
 
 
 
 
 
 
 
 
 
 
 
                                        
 
 
 
 
 
                                                                             
 
 
A thin-walled frame loaded transversally (see Figure 1a) is considered (OPB conditions). 
We assume that the cross members are butt-welded to the longitudinal members creating 
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T-joints.  Away from such joints, the frame's members behave like beams with the main 
stresses due to the bending and torque moments. Only in a close vicinity of the T-joint 
connection the beam-like stress patterns cease to be valid. This is mostly because any 
bending moment 
t
M  from the cross member transferred to the longitudinal member as 
torque moments (
21
MMM
t
, see Figure 1b) may be accompanied by severe local 
deformations and stress concentrations. It should be noted that the transfer of bending and 
torque moments in the longitudinal member from one side of the T-joint to the other is 
almost negligibly disrupted. Therefore, only the effects of 
t
M  are analyzed in detail.  
The beam-like stresses in the cross member, referred to as the nominal, can be defined as 
2
a
I
M
z
t
nom
 (bending, see Figure 1c), and in the longitudinal member as 
ta
M
inom
i 2
2
(i=1,2 for shear at both sides of the connection). The ratio 
21
/ MM  depends 
on the lengths (
1
L  and 
2
L  in Figure 1b) and restraints imposed on the longitudinal 
member. This paper will focus mainly on the effects of the local deformation on the 
bending stresses in the cross member.   
Experience and numerical analyses indicate high stress concentrations at one of the 
corner points C or B, with the maximum value denoted as 
max
. A typical 'modified' plot 
of the bending stress distribution is sketched in Figure 1d. The modification of the stress 
distribution along section AB (side wall) is mostly due to the lack of sufficient support to 
be provided by the longitudinal member away from the corners. It is worthwhile to 
mention that this was the main cause for the stress concentration for the in-plane loading 
(IPB conditions) reported in [1]. However, this phenomenon (i.e. lack of support) seems 
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to have a rather secondary effect in the case of out-of-plane loading. For this case the 
stress concentration is triggered mostly by the requirement to match the deformation 
patterns in the cross and longitudinal members along section BC (top wall). This problem 
and the reasoning for increasing the stress magnitude is sketched in Figure 2.  
Assume that the longitudinal member is fixed at both sides and that 
21
LL . Because of 
some stress reduction in the side wall, (due to insufficient support, as mentioned above) 
the top wall of the cross section has to carry the tensile force that is in the range 
a
M
F
a
M
tMt
75.0  (see Figure 2a). However, this force is transversal to the top of the 
longitudinal member, and therefore will bring about some bending and consequently 
'curving' of section BC of this member (see Figure 2b). Clearly, section BC of the cross 
member must be adjusted accordingly, raising the stresses in the corners.  
If 
21
LL  then the edges BC and AD will additionally deform anti-symmetrically (in the 
x-z plane). In general, it may be claimed that the stress concentration is due to the cross-
sectional area ABCD being distorted (for 
21
LL the distortion and the deformed shape 
of BC will be more complicated than shown in Figure 2b).   
Such a phenomenon will be examined in detail by the FE analysis presented in the next 
section. Then, several parameters will be identified to relate the increases of the stress 
and compliance in the connection in terms of the member's a/t ratio (thin-wallness) and 
the length of the longitudinal member and 
21
/ LL  ratio (asymmetry of the longitudinal 
member). 
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21
/ LL = 1 
 
     
 
        
 
                                                             
(a)                                                          (b) 
Figure 2.  Equivalent force couple systems of the loaded frame (dashed lines represent 
the deformed shape) 
For the numerical analysis, the bending moment Mt = 7,231Nm was applied throughout 
the calculations as reported in the next section. The following dimensions were adopted 
(the same as in [1]): L= 406.4mm, a = 101.6mm, while the thickness t varied from 
0.794mm (a 'thin-walled' case of a/t=128) to 49.53mm (a 'thick-walled' case of a/t=2.1). 
The effects of geometrical asymmetry (i.e. the ratio 
2
L /
1
L ) on the behaviour of the T-
joint were also considered for 1 ≤ L2/L1 ≤ 4.  For symmetric T-joints (i.e., 1L = 2L ) the 
effect of the length of the longitudinal member with respect to the length of the cross 
member (L) was considered within the range 0.56L ≤
1
L = 
2
L ≤ 3L.  
 
3.0 Finite Element Analysis  
The tube‟s wall of the frame members can be modeled either by several 3D solid 
elements across the thickness t (4 elements were used in this study as shown in Figure 3a) 
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or, for a sufficiently large a/t ratio, by one shell element with the in-plane membrane and 
bending stiffness capabilities built-in (Figure 3b). Elements solid45 (8 nodes, linear shape 
functions) or solid95 (20 nodes, quadratic shape functions), and shell63 (4 nodes) from 
the ANSYS element library are selected.  
                                         
                                              
                   
                                              
 
 
 
 
  
Figure 3. Modeling the tube's wall 
The FE models constructed from solid and shell elements (to be referred to as solid and 
shell models respectively from hereon) are employed for comparison and the 
convergence test. If the stress distribution through the tubes‟ thickness is non-linear, the 
solid model should be used for the analysis. This is because in the solid model, both 
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stresses and displacements are computed at every node allowing the determination of the 
stress distribution through the thickness. On the other hand, the FE model constructed 
from shell elements assumes a linear variation of the displacements and stresses across 
the thickness. In the shell model, the forces and moments which are always positioned at 
the middle surface of the tube are calculated from the displacements and rotations. 
It should be noted that the solid elements have 3 DOF/node. The linear solid elements are 
constructed from 8-nodes, while the quadratic solid elements are constructed from 20-
nodes. The shaded area in Figure 3 has 30 DOF (10 nodes 3 DOF/node) when using 
linear solids, or has 12 DOF (2 nodes 6 DOF/node) when using shell elements. 
Consequently, the solid model requires about 2.5 times as many DOF as the shell model 
(this ratio increases to about 5.5 if the quadratic solid elements are used). 
 
3.1 The stress results 
The meshing pattern for the solid model is shown in Figure 4b. The stress distribution 
through the thickness of the tubes that was obtained from the solid model was found to be 
generally linear. The stresses
m
, 
top
, and 
bot
 correspond to the stresses at the middle, 
top, and the bottom nodes respectively (see Figure 3a). In the solid model, it was 
observed that the stress at the middle is 2/)(
bottopm
. This stress can be 
considered as the average stress for the wall and it will be referred to as the membrane 
stress. The stress 2/)(
bottopb
is interpreted as locally bending the walls. For 
a/t=16 and 
1
L = 
2
L = 0.56L the stresses 
m
 on the axis X1 are shown in Figure 4c. As can 
be observed, these stresses deviate from 
nom
 only up to a distance of approximately 
equal to 2/a . For comparison, for the in-plane problem (IPB loading) analyzed in [1], 
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the membrane stresses along the axis X2 deviated from 
nom
 up to a distance of 
approximately equal to a.  
For OPB loading conditions, at the sufficient distance from the connection (i.e., 
approximately equal to a/2) the membrane stress becomes the beam bending stress 
defined as: 
y
I
M
z
t
m
    where      )
4
1(
3
2
2
2
3
a
t
taI
z
                                              (1) 
Iz denotes the area moment of inertia for the cross-member tube around the z-axis (as 
shown in Figure 1b). Note that the nominal beam stress (see Figure 1c) representing the 
tension/compression in the top and bottom walls of the cross member in the case of rigid 
longitudinal members is:  
2
a
I
M
z
t
nom .                                                                                              (2) 
The meshing pattern for the shell model is shown in Figure 4a, and is similar to the 
meshing of the solid model. In the shell model the membrane and bending stresses are 
calculated from: 
t
T
m
 and                                                                             (3) 
2
6
t
M
b
               (4) 
where T and M are the nodal force and bending moment and t is the element thickness 
(see Figure 3b).  
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(c)                                                                 (b) 
 
 
                            (c) 
Figure 4.  The T-joint's meshing patterns for the (a) shell and (b) solid elements, and (c) 
nominal beam stresses and membrane stresses obtained from shell model 
 
For the connections along AB and CD typical stress distribution are shown in Figure 5. 
These results were obtained using the shell model for t=6.35mm (a/t=16) and 
1
L = 
2
L = 
0.56L for which 
nom
=82.2MPa. In Figures 5a and 5b, the membrane forces 
x
T  on side 
AB and BC as obtained from the FE analysis are plotted. In a similar manner the plots for 
x
M  can be obtained. The membrane and bending stresses are thereafter calculated from 
these in-plane forces and moments, respectively. 
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(b)                                                               (b) 
 
  
        (c)            (d) 
Figure 5. The forces and stress variations for t=6.35mm: (a,b) Force 
x
T  on BC and AB, 
(c, d) Membrane and bending stresses on BC and AB  
 
The stresses shown in Figure 5 are denoted as follows: 
x
m
 and 
x
b
 represent the 
membrane and bending stresses in the x-direction respectively for sides AB and CD.  The 
character of membrane stresses is similar to that indicated in Figure 1d. Note that for the 
case considered 
80
210
/)(
max nom
x
m
2.52. The stresses in the walls of the connection 
for other a/t ratios and lengths of longitudinal member were analyzed in a similar 
manner. 
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3.2 The Convergence Considerations 
As mentioned previously, the mesh density and convergence of the results are important 
features in any FE analysis. In order to examine the effects of the element types and sizes, 
the stresses calculated from several solid models (both linear and quadratic) were 
compared to that of their shell model counterpart. For this purpose, the case of t=6.35mm 
(a/t=16) and 
1
L = 
2
L = 0.56L with the meshing shown in Figures 4a and 4b was 
considered. The sides AB and CB were each divided into 11 elements with the same 
mesh pattern. The plots of 
x
m
 that were obtained from the shell and two solid models are 
presented in Figure 6. 
 
   
Figure 6: Comparison of membrane stress, 
x
m
,  for different elements. 
 
It is observed that the quadratic (20-noded) and linear (8-noded) solid elements provide 
nearly identical stress values. In addition, these stress values are in close agreement with 
the stresses obtained from the shell model. Similar results can be obtained for the other 
a/t ratios. 
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For the convergence test, the finer and coarser mesh sizes were varied. Three different 
cases were considered, where the sides AB and CB were modelled with 11, 21, and 41 
elements each. Table 1 summarizes the three different FE models using shell elements. 
The mesh for the different element sizes are shown in Figures 7a, b and c. The membrane 
stress distribution on top CB in the X-direction,
x
m
, obtained from these FE models for 
the case of t=6.35mm (a/t=16) and 
1
L = 
2
L = 0.56L are shown in Figure 7d (similar stress 
plots were obtained using the solid model). Note that the stresses obtained with these 
meshing patterns are fairly close, therefore 11 elements were used in the further analyses 
of the connection as it is the most numerically efficient.  
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Table 1: Summary of the three different FE models using shell elements 
Mesh         41 elements 21 elements  11 elements 
Element size (mm)       2.48     4.84                  9.24 
Number of elements       21771             8211      3531 
Number of nodes       21692            8172      3512 
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Figure 7: Results of the mesh sensitivity analysis using shell elements: a) 41 elements, b) 
21 elements, c)11 elements, and d) Membrane Stresses in the X-dir at the connection 
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3.3 Effects of thin-wallness ratio  
For 
1
L = 
2
L = 0.56L the effects of the a/t ratio on the
x
m
 distribution for sides AB and CD 
are shown in Figures 8 and 9. The stress values are normalized with respect to the 
corresponding nominal stresses. Note that as the connection becomes more and more 
thin-walled the central part of side AB does not carry almost any load. The central part of 
BC also carries less load with the stresses concentrated at the corners. On the other hand, 
for thick-walled tubes, the stress distribution becomes closer to the nominal one, i.e., 
x
m nom
, that is thick-walled tubes behave in a manner similar to beams. The values 
of the maximum membrane and bending stresses, as well as the nominal beam bending 
stress for different a/t ratios are listed in Table 2.  
 
 
 
 
 
 
The amplification of the maximum membrane stress (at corner B) due to the thin-
wallness of the tubes is characterized by the membrane stress amplification parameter 
m
 defined as: 
  
m
= 
nom
x
m max
)(
                                                                                                    (5) 
This parameter compares the beam model with the shell model. A similar bending 
amplification parameter for the maximum bending stress (at corner B) can be defined as  
Table 2: Beam model nominal stresses and maximum shell stresses 
(a/t) Maximum 
x
m
(Mpa) 
 
Maximum 
x
b
(Mpa) 
nom
 (Mpa) 
2.1 13 16 7.34 
2.7 18.6 23 11.0 
4.0 32.7 40 18.6 
8.0 87.5 94 40.3 
16.0 207 177 82.2 
32.0 428 251 165 
64.0 846 289 331 
128.0 1670 299 662 
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follows:  
  
b
= 
nom
x
b max
)(
                 (6) 
These two coefficients are plotted in Figure 10 for different a/t ratios. 
 
 
 
Figure 8: The normalized membrane stresses,
x
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/
nom
  for AB obtained from shell model 
 
 
 
 
            
4 (thick-walled) 
              
       a/t =128 (thin-walled) 
            B           A 
  
  
 σ
m
x 
/ 
σ
 n
o
m
 
                Side (AB) – distance from A to B in meters 
Figure 9: The normalized membrane stresses,
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It should be noted that the amplification for the membrane and bending stresses at the 
corners of the connection (i.e. A, B, C, etc) is the same for symmetric T-joints (i.e., 
1
L =
2
L ). Also note that the value of 
m
 becomes close to 2.6 for a/t > 20 as the 
connection becomes very thin-walled. It is also worth to mention that for the IPB 
presented in [1], this stress amplification parameter approached a value of 4. With the 
known amplification, 
m
, one may calculate the maximum membrane stresses in the T-
joint based on 
nom  determined from the simple beam model. In turn, the amplification 
parameter, 
b
, can be used to find the maximum bending stresses in the T-joint. Similar 
to the IPB conditions, this parameter is getting smaller with the thin-wallness ratio, a/t, 
increasing. 
 
 
 
Figure 10: Effect of a/t ratio on the stress amplification parameters for 
1
L = 
2
L = 0.56L 
 
3.4 Effects of the longitudinal member’s length  
As mentioned in section 2.0, the stress concentrations at the connection, besides being 
dependent on the thin-wallness ratio (i.e. a/t), should also be affected by the length of the 
m
 
b
 
a/t 
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longitudinal member. To demonstrate these effects, the length of the longitudinal 
member, 
1
L = 
2
L  was varied between 0.56L to 3L (see Figure 1b). Longitudinal member 
lengths longer than 3L were not considered since such frame dimensions are rare in 
practice. The analysis indicated that the stress plots in Figure 5, representing the 
distribution of the different components of stress along top AB and side CB remain 
generally the same with only the magnitude of the stresses changing for different lengths 
of the longitudinal member. However, the shape of the stress amplification parameter 
m
, 
which in Figure 10 remained almost constant for a/t > 20, is generally increasing with no 
limiting value if L1/L > 1.5. This can be observed in Figure 11. 
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From the analysis, it was observed that if
1
L and
2
L are roughly equal to L, the length of 
the longitudinal member does not affect the stress amplification parameter, 
m
, up to 
thin-wallness ratios of approximately a/t = 30. For T-joints with 
1
L and
2
L approximately 
    L1 / L=0.56 
   1.5 
      1.0 
      2, 2.5,and 3 
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Figure 11: Effect of the length ratio LL /
1
(longitudinal member,
21
LL  and 
cross member L ) in terms of the thin-wallness ratio (a/t) on 
m
 
m
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higher than 2L, the plots of 
m
 remain nearly unchanged, indicating that longer 
longitudinal members have a very little affect on the stress concentrations at the 
connection.  
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More conclusions can be drawn if the same results are presented as in Figure 12.  It can 
be observed that for a certain value of the thin-wallness ratio, the shape of the 
m
 plots do 
not depend any more on the length of the longitudinal member. Clearly as the connection 
becomes more and more thin-walled, the effects of the length of the longitudinal member 
become more significant. It should be noted that for solid sections (i.e., beam elements) 
the length of the longitudinal member does not affect the stress distribution at the 
connection.  
       a/t =   128 
    64 
       32 
       16 
          8 
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            2.7 
L1 / L     (L1 = L2) 
Figure 12: Membrane stress amplification parameter 
m
 versus length ratio L1 / L  
for different thin-wallness ratios (a/t) 
m
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Similar to the membrane stress amplification parameter
m
, the bending stress 
amplification parameter 
b
 depends on both the thin-wallness ratio and the length of the 
longitudinal member of the T-joint. Analogous to
m
 shown in Figure 11, Figure 13 
depicts the effect of the longitudinal member‟s length on
b
. It should be noted that for 
higher L1/L ratios, the values of b  increase with the thin-wallness. 
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3.5 Comparison of the OPB and IPB loading conditions 
The previous sections of this paper analyzed the stress amplification parameters for T-
joints subjected to OPB loading conditions. The local deformation and the stress 
concentrations in a T-joint due to the in-plane bending (IPB) conditions were discussed in 
[1]. If 
1
L = 
2
L = 0.56L the parameters 
m
for these two cases are presented in Figure 14. It 
is observed that the effect of IPB loads is much greater than those of the OPB loads for 
  
 0.56 
     1 
        L1 / L = 3 
  1.5 
  2.0 
      2.5 
a/t 
Figure 13: Bending stress amplification parameter, ξb, versus thin-wallness 
ratio (a/t) for different values of length ratio L1 / L     (L1 = L2) 
b
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this case. It was shown in section 3.4 that for OPB conditions, the parameter 
m
 is not 
only dependent on the thin-wallness ratio (a/t) but also on the length of the longitudinal 
member. As the length of the longitudinal member increases, the parameter 
m
 also 
increases. For T-joints with 
1
L and
2
L approximately higher than 2L, the plots of 
m
 
remained nearly unchanged. The highest magnitude of the stress amplification parameter 
m
 was for cases where 
1
L = 
2
L >2L. As a point of interest, for the case of 
1
L = 
2
L = 3L, 
the parameter 
m
 for the out-of-plane bending load is also presented in Figure 14. It can 
be seen that the stress amplification parameter 
m
 (In-plane) is generally about 60% lager 
than that of 
m
 (out-of-plane) for longer cross members (
1
8.1 LL ). For shorter cross 
members the value of 
m
 (out-of-plane) increases. In the case of 
1
L = 
2
L = 3L or 
1
3.0 LL , 
m
 (out-of-plane) and 
m
 (In-plane) are close to one another for very thin-
walled T-joints (i.e., a/t ≈ 130). 
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Figure 14: Membrane stress amplification parameters for IPB and OPB loads  
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m
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3.6 Geometric asymmetry of the longitudinal member 
 
The thin-walled T-joints considered up to this point have all been symmetric, that is 
1
L =
2
L . For
21
LL , the stresses at corners B and C at the top of the connection (see 
Figure 15a) are different and consequently, two membrane stress amplification 
parameters 
B
m
 and 
C
m
can be defined as:  
  
B
m
= 
nom
Bx
m max
)(
                and   
C
m
= 
nom
Cx
m max
)(
      (7)                                                                                                  
These parameters were determined for 1 ≤ L2 / L1 ≤ 4, where 1L = L56.0 and are shown in  
Figures 15b and 15c. 
The results presented can be interpreted as follows. In asymmetric T-joints one portion of 
the connection must carry an additional load (i.e., 2/
1
MM ). Consequently, as the 
ratio of L2 / L1 increases, the stress amplification parameter for corner B decreases while 
that of corner C increases. This can be observed in Figure 15b.  These results are 
replotted in Figure 15c in terms of the thin-wallness ratio a/t. Note that when the ratio of 
L2 / L1 = 1, 
B
m
and
C
m
 coincide with each other. 
 
 
 
 
 
 
 
 
 78 
 
 
 
(a) 
0
1
2
3
4
5
6
1 1.5 2 2.5 3 3.5 4
 
                  
0
1
2
3
4
5
6
0 50 100 150 200 250
  
 
Figure 15: Effects of asymmetry (the L2 / L1 ratio), and the thin-wallness ratio (a/t) on the 
membrane stress amplification (or reduction) parameters 
B
m
and
C
m
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4.0 The bending stiffness of the T-joint 
As shown in Figure 4, at a sufficient distance (approximately equal to a/2) away from the 
connection, the tubes in T-joints subjected to OPB loads behave like beams. This can be 
used to identify the joint's rotational (out-of-plane bending) stiffness using the following 
approach.  The total displacement under the moment M can be decomposed into two 
parts: a portion due to the bending of the tubes as beams, and another portion due to local 
deformations at the joint, that is: 
Luu
beamM
                              (8) 
The total displacement 
M
u  for an assumed a/t ratio can be calculated from the FEM 
model (using either solid or shell elements). Displacement 
beam
u  can be obtained if the 
tubes are modeled as beams (beam4 elements were used here) with the bending stiffness 
z
EI  rigidly connected at T. 
 
 
 
 
 
 
 
 
Figure 16. Rotational stiffness of the T-joint connection 
 
Therefore, the rotational stiffness of the joint can be defined as:  
beamM
T
uu
MLM
K                                                               (9)  
x 
z 
y 
L 
M
u  
beam
u  
z
EI  
 
L  
T
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E  
G  
T
GJ  
M 
L1 
L2 
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Note that both 
M
u  and 
beam
u  vary with the thin-wallness ratio a/t as depicted in Figure 
17.  
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Figure 17: Effects of the thin-wallness ratio a/t on the displacements 
M
u  and 
beam
u  for  
1
L = 
2
L = 0.56L 
 
Based on equation 9, the calculated values of the rotational stiffness 
T
K  for 
1
L = 
2
L = 
0.56L, and the range of the thin-wallness ratios (a/t = 2.1 to 128) are plotted in Figure 18. 
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Figure 18: Effects of the thin-walness ratio a/t on the rotational stiffness  
KT of the T-joint for OPB loading. 
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It is convenient to interpret the stiffness 
T
K  in relations to the beam stiffness
y
EI using 
the following reasoning. Assume that the tubes in the vicinity of the T-joint are modeled 
by the beam elements as depicted in Figure 19.  
 
 
 
 
 
 
  
 
 
 
Figure 19. The bending stiffness reduction coefficient 
 
The rotational stiffness of the connection can be embedded in the element 
1
TT  of length 
a/2 in the form of the bending stiffness reduction parameter 
K
(i.e., the bending 
stiffness of this element is
Ky
EI /  ). 
Note that for this element 
K
y
T
EI
aM 2/
. Substituting into (9) renders: 
K
y
T
a
EI
K
1
2/
         or              
T
y
K
Ka
EI 1
2/
                                                        (10) 
The values of 
K
 obtained for different a/t ratios are plotted in Figure 20. 
Parameter 
K
 permits inclusion of the local deformation at the T-joint without actually 
using complex models such as those shown in Figures 3 and 4. Instead, the joint's 
stiffness characteristics can be recreated by using one modified beam element 
1
TT  as 
shown in Figure 19. This should substantially simplify any static (and dynamic) FE 
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analysis of T-joint connections subjected to OPB loading conditions, which is 
numerically verified in the next section.  
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Figure 20: Bending stiffness reduction parameter, 
K
, and membrane stress 
amplification parameter, 
m
, for 
1
L = 
2
L = 0.56L 
 
 
5.0 Examples for the application of the stress amplification and stiffness reduction 
parameters 
 
In this section, two numerical examples employing the stress amplification and stiffness 
reduction parameters are considered. The first example demonstrates the effectiveness of 
this approach for a static stress analysis, and the second for dynamics where the out-of-
plane free vibrations of the frame are considered. A thin-walled frame with one T-joint is 
considered for both cases.  
5.1 Statics example  
For the static stress analysis case, the thin-walled T-joint with the dimensions as shown in 
Figure 21 is considered. For this frame the thin-wallness ratio a/t=16 and the length of 
m
 
  
K  
a/t 
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the longitudinal member is 
1
L +
2
L  where 
1
L = 
2
L = 0.56L. For such dimensions, the stress 
amplification parameter is 52.2
m
 for OPB loading conditions (read from Figure 20). 
The structure is loaded by a moment 
1
M  and a force
1
F  (both loads subject the 
connection to out of plane bending loads as shown in Figure 21). For the boundary 
conditions, the displacements of the center of the frame at the ends D and G are fixed, 
while the end H is free. The calculated reaction forces at D and G and the maximum 
stresses at the joint were recorded for two loadings:  
Case 1: 
1
F =7,793N and
1
M = 0 
Case 2:
1
F =7,793N and
1
M = 2410 N.m. 
The frame was first modeled by 30 beam elements (180 DOF) as shown in Figure 21a. 
The stiffness of the element between nodes 1 and 22 was reduced by 2.52.  Then the 
frame was modeled by shell elements (this model had over 36000 DOF). The reaction 
forces/moments and the maximum stress from both models are listed in Table 3. The 
bending moment in node 22 of the beam model is used to determine the nominal bending 
stress for this T-joint.  
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Figure 21: Static example of a thin-walled frame modelled by: a) beam elements, b) shell 
elements, and c) frame‟s cross-section. 
 
Table 3: Comparison of modified beam and shell models 
Case 1  Rz11(N)    Mx11(N.m.) Rz31(N)    Mx31(N.m.)    
Max membrane 
Stress  (Mpa) 
 Beam Model (modified) 3949.5 942.9 3949.5 137.6 42.1 
Shell Model 3928.3 944.4 3928.3 131.0 39.1 
Percent error (%) 0.5% - 0.2% 0.5% 5% 7.7% 
      
Case 2      
Beam Model (modified) 1661.9 979.7 9454.7 828.3 410.6 
Shell Model 1946.5 952.5 9739.4 916.7 384.4 
Percent error (%) -14.6% 2.8% -2.9% -9.6% 6.8% 
 
The results presented in Table 3 show that in general a very good agreement exists 
between the results obtained from the shell model and those obtained from the modified 
beam model. Using the stress amplification parameter, the error in the maximum 
membrane stresses for cases 1 and 2 are 7.7% and 6.8% respectively. As a point of 
interest, if the element between nodes 1 and 22 is not modified then the error in the 
maximum membrane stress increases to 56% (
max
=18.6MPa) for case 1, and 53% 
    D 
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(
max
=182MPa) for case 2. Similar observations were also made in the case of reaction 
forces/moments. For instance, if no stress amplification is used then the reaction error 
in
31z
R  increases from 0.5% to about 10% (
31z
R =4,309.6N) for case 1. For case 2, the 
reaction error in 
31x
M  increases from 2.8% to about 15% (
31x
M = 808N.m.). Similar 
increases in the percentage errors were obtained for the other reaction forces/moments.  
The stiffness reduction parameter can be used to obtain the deflections of the above frame 
as well. However, for the loading and imposed boundary conditions of the frame 
(depicted in Figure 21) these deflections are relatively small. To better demonstrate the 
effectiveness of the stiffness reduction parameter, a third case with different loading and 
boundary conditions is considered. For this case, the displacements of the center of the 
frame at the ends H and G are fixed, while the end D is free to move. A force, 
2
F =17,793N and a moment
2
M = 2410 N.m. were applied to end D (shown in Figure 22). 
It should be noted that the dimensions of the frame are kept the same as that of the 
previous example.  
 
Figure 22: Thin-walled frame subjected to the action of force F2 and moment M2 
 G 
 H 
    D 
       F2 
         M2 
   Fixed support 
     Fixed support 
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For the above frame with the thin-wallness ratio of a/t=16 and the length of the 
longitudinal member of 
1
L +
2
L  where 
1
L = 
2
L = 0.56L, the stiffness reduction parameter 
is equal to approximately 
K
= 6.1 (see Figure 20). The deflection of node 31 calculated 
using the shell model is 2.9mm and for the modified beam model is 2.6mm (10% error). 
If the element 1-22 is not modified then the displacement of node 31 is 1.6mm (45% 
error). 
5.2 Dynamic example 
In addition to the static stress analysis, the out-of-plane free vibrations of the frame were 
considered. The same frame with dimensions as that shown in Figure 21 is employed. 
The boundary conditions are those depicted in Figure 22. The displacements of the center 
of the frame at the ends H and G are fixed, while the end D is free to move.  
The frequencies of the first two out-of-plane vibration modes for the shell model were 
288.6Hz and 1396.6Hz, respectively.  For the beam model with modified element 1-22 
(i.e., stiffness reduction parameter 
K
= 6.1) the same frequencies were 296.9Hz (2.9% 
error) and 1460.9 (4.6% error) respectively. If the element 1-22 was not modified, then 
the first natural frequency would become 376.9Hz (30.6% error), while the second 
frequency would be 1508.0Hz (8.0% error).  
The effectiveness of the presented approach is clear for both the static and dynamic 
examples. It should be noted that the FE model of the frame made of beam elements is 
substantially easier to build and operate than any model made of shell or solid elements. 
The number of DOFs of the beam model in Figure 21a is about 200 times smaller than 
the corresponding model in Figure 21b (for the static analysis the beam model can further 
be reduced by using only four elements between the nodes 1-11, 1-21, 1-22, 22-31). 
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6. Conclusions  
 
This paper proposed an accurate and computationally efficient approach to model out-of-
plane loaded frames made of hollow square tubes connected by T-joints. Detailed FE 
studies were performed using shell and solid elements to analyze the transfer of the out-
plane-bending moment from the cross member to the longitudinal member of such joints. 
The local effects at the connection of the T-joints with geometric symmetry were 
characterised by the stress amplification parameters (
m
, 
b
) and the stiffness reduction 
parameter 
K
, which were determined in terms of the thin-wallness ratio a/t and the 
length of the longitudinal member. Effects of geometric asymmetry on the stress 
amplification and stiffness reduction parameters were also considered. The stiffness 
reduction parameter allows modelling the T-joint by one beam element with modified 
bending stiffness. Since away from the joint the tubes behave like beams, the entire frame 
can be effectively modeled by simple beam elements with the reaction forces/moments, 
deflections, and the natural frequencies of vibrations calculated accurately. Then, using 
the forces from the modified beam model, the maximum stress in the frame can be 
calculated by applying the stress amplification parameters. As demonstrated, such an 
approach is capable of rendering the results that are similar to the results of the FE 
models consisting of much more complicated shell or solid elements. These models 
however, include several thousands more degrees of freedom and are much more difficult 
to construct and operate.  
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Chapter 4. Welded T-joint connections of square thin-walled 
tubes under a multi-axial state of stress  
 91 
ABSTRACT 
T-joint connections are used extensively in industry as parts of machine components and 
structures. The T-joint connection is typically constructed through the welding of its 
tubular members, with significant stress and strain concentrations occurring at the toe of 
the weld under loadings. In this paper, a welded T-joint connection of square hollow 
section (SHS) tubes subjected to a multi-axial state of stress is examined both 
numerically and experimentally. The hot spot strains and stresses in the connection are 
determined through a detailed finite element (FE) analysis of the joint. The weld 
geometry is accurately modelled using FE. To model the weld, several full-scale welded 
T-joints were cut at the connection to obtain the size and depth of penetration of the weld. 
For the experimental study, a test rig with a hydraulic actuator capable of applying both 
static and cyclic loadings is designed and used. Strain gauges are installed at several 
locations on the joint to validate the FE model. The verified FE model is then used to 
study the through-the-thickness stress distributions of the tubes. It is shown that the 
membrane stresses which occur at the mid-surface of the tubes remain similar regardless 
of the weld geometry. The weld geometry only affects the bending stresses. It is also 
shown that the stress concentrations are highly localized at the vicinity of the weld toe. At 
a distance of about ½ of the weld thickness from the weld-toe, the effect of the weld 
geometry on the bending stresses becomes insignificant as well. To reduce the stress 
concentrations at the T-joint, plate reinforcements are used in a number of different 
arrangements and dimensions to increase the load carrying capacity of the connection. 
Keywords: hollow square tubes, welded connection, finite element analysis, hot spot 
stresses, strain gauges.  
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3.0 Introduction 
In the design of machine components, tubular T-joints are used extensively in industrial 
applications as load carrying members. These members are usually characterized by their 
„thin-wallness‟ which is defined as the ratio of the width or diameter of the tube to its 
thickness. As the „thin-wallness‟ ratio increases, the stress distribution at the connection 
between the two members becomes increasingly uneven with high stress concentrations 
occurring at some points. These stresses, which occur locally at the connection, can be 
many times bigger than the nominal stresses in the connecting members. The stress 
concentration factors (SCFs) are the ratio of the local stresses at the connection to the 
nominal stresses occurring away from the joint on the connecting members. The hotspot 
stresses are those which are obtained by the extrapolation of the local stresses to the 
perceived failure-critical points (such as weld toes). The T-joint connection must be 
designed and reinforced in such a way to allow for the smooth transfer of the forces and 
bending moments from one member to another; minimizing the hot spot stresses at the 
connection.  
Many researchers have studied the behaviour of tubular T-joints under different types of 
loadings. Shao et al. [1-2] examined the geometrical effect on the stress distribution for 
circular hollow section (CHS) T/K-joints under axial loading. Using finite elements, 
parametric equations were proposed to relate the SCFs at the connection to certain 
geometrical parameters of the tubes, such as diameter and tube thickness. The effects of 
boundary conditions, chord length and chord end conditions on the ultimate strength of 
axially loaded CHS planar T-joints were considered in [3]. The SCFs and fatigue failure 
of T-joints for CHS-to-CHS, CHS-to-plate and square hollow section (SHS)-to-plate 
under in-plane bending (IPB) conditions were examined in [4-6].  
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Three dimensional finite element (FE) studies to determine the hot spot stresses for CHS-
to-CHS T-joints subjected to the action of axial, IPB and out of plane bending (OPB) 
conditions were performed in [7]. Rectangular hollow section (RHS)-to-CHS T-joints 
subjected to axial and in-plane bending loads were experimentally studied in [8-10]. In 
these studies, both static and cyclic loadings were applied to the joints and the hot spot 
stresses and the corresponding SCFs were determined. An extensive FE study to obtain 
characteristic parameters (such as length, thickness, etc.) for the stress distribution at the 
intersection of several tubular joints were presented in [11-12].  
Experimental and numerical studies on the increase in the load carrying capacity of CHS 
T-joints reinforced with the application of doubler or collar plates were performed in [13-
15]. The SCFs of doubler plate reinforced T-joints subjected to axial 
tension/compression, IPB and OPB were considered. The SCFs of the reinforced joints 
were determined to be lower than those for the unreinforced joints. Offshore tubular T-
joints reinforced with internal plain annular ring stiffeners subjected to brace 
compression were studied in [16]. An experimental study on the reinforcement of plate-
to-RHS T-joint connections was performed by [17]. Plates were welded to the faces of 
the chord members and the RHS braces to stiffen the joint. 
In this paper, the behaviour of a SHS T-joint subjected to a multi-axial state of stress with 
and without reinforcement plates is considered. A detailed FE analysis of the joint using 
3D solid elements is performed. The hot spot stresses and strains are determined using 
FE. One of the contributions of this research work is the experimental verification of the 
FE model developed for analysis of welded SHS T-joints subjected to a multi-axial state 
of stress. A test rig with a hydraulic actuator, capable of applying both static and cyclic 
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loadings, has been designed and used in the experiments. Several strain gauges have been 
installed around the T-joint connection in order to verify the validity of the FE model. 
The good agreement between the FE analysis and experimental results and the precise 
modelling of the welded T-joint will be discussed. It is believed that this research work 
should contribute to the understanding of the effects of the weld geometry on the bending 
and membrane stresses. It will be shown that the membrane stresses are nearly unaffected 
by the presence of the weld. The bending stresses on the other hand are amplified by 
existence of welds; however these amplifications are highly localized and typically 
become insignificant within a distance of approximately ½ of the weld thickness away 
from the weld-toe. To reduce the stress concentrations, internal and external 
reinforcements for the T-joint are also considered. 
4.0 Numerical modelling of a tubular T-joint 
The FE modelling of welded tubular joints is a very challenging as well as delicate task 
due to the complicated 3-D profile of the weld. Previously, many researchers have 
ignored the modelling of the weld due to the difficulties that exist in the accurate 
modelling of the weld profile. These researchers mainly adopted shell elements for 
modelling of the tubes‟ structure. However, two main problems arise in using shell 
elements for modelling tubular joints: 1) How to model the 3-D weld profile accurately 
with shell elements, and 2) shell elements (representing mid-surfaces of the structure) 
assume a linear stress distribution through the thickness of the tubes and do not take into 
account the physical thickness of the members. For these reasons, in recent years, 
researchers have used solid elements to model the tubes as well as the weld geometry. 
Herion et al [18] found that solid elements can more accurately model the welded 
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connection than shell elements. That study suggested that the best results are obtained by 
using solid elements for the modelling of both the tubes and the weld profile.  
Due to the inability of the shell elements to accurately model the interaction between the 
tubular members and the weld, and the proven effectiveness of solid elements for the 
modelling of welded joints, solid elements have been used for modelling both the tubes 
and the welds in this study. The numerical modelling of the weld and the tubular 
members is performed using the commercial finite element package, ANSYS [19]. The 
developed FE model is based on the assumption of linear elasticity and small 
strains/displacements. Linear solid elements (8-noded) with three translational degrees-
of-freedom at each node were used to model the tubes. Hexahedral element geometries 
were used for this purpose. The weld was modelled with tetrahedral quadratic solid 
elements (10-noded). It should be noted that, as a check for the element compatibility 
between the lower and higher order elements in the FE model, the entire structure was 
modelled with quadratic solid elements as well. It was observed that with the meshing 
(i.e., element sizes) employed in this study, the results (stresses/displacements) for 
quadratic solid elements were very similar to the results for the linear solid elements. In 
general, 4 solid elements were employed to model the tubes‟ thickness (shown in Figure 
1). It should be noted that when quadratic solid elements are used, shear locking is not a 
concern. However, for the 8-noded linear solid elements, extra displacement shapes were 
included for shear locking considerations. The shape functions for this element with the 
extra displacement shapes are included in Appendix A. 
The mesh generation in any finite element analysis (FEA) is crucial as it significantly 
affects the accuracy of the results. A sub-zone mesh generation technique is used for the 
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numerical modelling in this study. According to this approach, the meshed structure can 
be divided into 3 regions based on the stress gradients and the computational time 
required: 1) refined mesh zones, 2) coarse zones (or the far field zones), and 3) transition 
zones. The meshing of these zones for the FE modelling of the tubes is shown in Figure 
1. The refined mesh zone consists of the regions very close to the connection of the tubes 
including the weld toe. The mesh in this region must be very fine to capture the true state 
of stress and the stress concentrations at the connection. Part of this region is enlarged 
and presented in Figure 1b. Different mesh densities should also be used in this region to 
verify the convergence of the FE results. Coarse zones are regions far away from the T-
joint connection. The mesh density in these regions has no or insignificant effect on the 
stresses at the connection. Relatively large element sizes can be used in these regions as 
can be seen in Figure 1. The transition zone connects the refined and coarse mesh zones. 
Using the sub-zone mesh generation technique is very beneficial in significantly reducing 
the number of degrees-of-freedom of the FE model.  
Measurements of the weld size (i.e., location of the weld toe, height and width of the 
weld) have also been taken from the actual samples. These measurements were used in 
the FE models to accurately model the weld. Due to the local notch stress concentrations, 
the weld toe is predominately the location for the maximum stresses, causing fatigue 
cracks and plastic deformation to be initiated at these locations. For this reason, the 
profile of the weld can be somewhat arbitrary as long as the location of the weld toe, the 
height, width and depth of penetration of the weld are approximately the same as the real 
welded samples [2]. The modelled weld is presented in Figure 2. 
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It should be noted that full penetration welds were modelled for the FE analysis. To 
ensure that the same depth of weld penetration exists in the actual welded samples, 
several T-joints were cut along the lines A1 and A2 as shown in Figure 3a.  Figures 3b 
and 3c depict the weld profile in the actual samples as seen from the interior of the T-
joint. It can be observed that the full penetration welds in the FE model provide a good 
resemblance of the welds in the actual samples.  
The weld toes have sharp corners, as they were not ground. It should be noted that with 
the existence of sharp corners at the weld toes, the elastic stress is theoretically infinite at 
these locations and the hot spot stress approach is a technique used to obtain a realistic 
finite value. Determination of the hot spot stresses requires the extrapolation of the 
stresses on the surface of the tubes and does not take into account such factors as the 
through the thickness stress gradients. A more detailed analysis of the T-joint can be 
based on fracture mechanics (F-M) methodology taking into account the crack growth 
and the actual stress gradients. The failure criteria then would be based on the values of 
the critical stress intensity factors and the material fracture toughness. The F-M approach 
requires much more computational effort and is better suited for the analysis of joints 
where cracks have already occurred. Another technique that has appeared more recently 
in the literature is the “Dong‟s method” [20] which defines a mesh insensitive or 
“equivalent-structural stress” based on the assumption of linearly elastic material. In this 
technique the stresses at the weld toe are broken down into the membrane, bending, and a 
non-linear component due to the local notch effect. This technique requires the additional 
computational effort of post processing the FE results. It is also worthwhile to mention 
that in certain locations along the weld toe where the maximum stresses occur, the 
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material typically does not behave entirely elastic anymore. This non-linear effect is not 
taken into account if the developed FE model is based on linear elasticity. 
Currently, the hot-spot stress concept, when effectively linked to the finite element 
results, is considered to be an efficient methodology for engineering design in industry 
[21]. In this paper, once the weld was modelled accurately, the stresses at the weld toe 
(i.e., hotspot stresses) were calculated by linearly extrapolating the stresses at the 
elements close to the weld as has also been done in [15-17].   
3.0 Experimental test fixture 
 
In order to verify the validity and accuracy of the developed FE model for the prediction 
of the stresses and strains along the weld toe of the T-joints, an experimental test rig has 
been designed for the testing. The T-joint specimens are identical to those used in many 
types of agricultural machinery. These samples are welded using the inert metal gas 
welding (MIG) process with full penetration welds according to the AWS specifications 
[22]. For the preparation of the samples, three 6.35mm (1/4 inch) thick end plates are 
welded to the tubes to facilitate the specimen installation as well as load application. A 
schematic diagram of the T-joint is given in Figure 4. The T-joints are fabricated from 
structural steel with a yield and an ultimate tensile strength of 540MPa of 600MPa, 
respectively. 
The test rig that has been designed for the testing of the T-joints is shown in Figure 5. For 
the application of the load, a hydraulic actuator capable of applying both static and cyclic 
loadings of up to 94000N (tension-compression) was employed. The hydraulic actuator 
was connected to the test fixture through the use of a coupler. In order to ensure the 
accuracy of the applied loads, a pressure transducer was used to measure the actual 
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applied pressure (i.e., corresponding to a particular force). This measurement was then 
used for comparison with the desired applied force. A “Simulink” program was 
developed in “Matlab” to record and store data from the pressure transducer and the 
strain gauges. For the mounting of the T-joints, the ends of the specimen were fixed to 
the test fixture using 4 bolts to ensure fixed end boundary conditions at supports 1 and 2 
(shown in Figure 6b), and also to ensure that no slipping occurs between the end of the 
specimen at connection 3 and the test fixture (also shown in Figure 6b).  The schematic 
diagram of the loading and the boundary conditions are depicted in Figure 6. It should be 
noted that in reality the boundary conditions are somewhere between fixed and simply 
supported [7].  
Two T-joint samples were monitored using strain gauges. On these two specimens, a total 
of 8 strain gauges were installed around the connection of each T-joint. The locations of 
these strain gauges are shown in Figure 6 (note that the locations shown in Figure 6d are 
approximate and are not to scale). In most of the reviewed literature, only the strains 
perpendicular to the weld toe have been measured as those parallel to the weld are 
assumed to be relatively small. In this study, for each location, a two-channel 90º tee 
rosette strain gauge with a gauge length of 1.57mm (0.062in) was used to measure the 
strains perpendicular and parallel to the weld toe (i.e., X and Z directions for locations 2-
8 as shown in Figure 6d). The FE results were read at the centre of the gauge location. 
For location 1, strains were measured in the X and Y directions. A similar approach as to 
those used in references [1,2,4] was used for the placement of the strain gauges. The 
strain gauges shown in Figure 6 are 6.35mm (1/4 inch) away from the weld toe (with the 
exception of location 4). The strain gauge in location 4 is installed at a distance of 
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50.8mm (2 inches) from the weld toe, therefore not affected by the stress concentrations 
at the weld. Using the above strain measurements, the stresses in the X and Z-directions 
for locations 2-8 can be calculated as follows: 
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Where E is the modulus of elasticity and v is the Poisson‟s ratio of the T-joint sample. 
The assumption made in using equations 1 and 2 is that plane stress state exists and the 
material is linearly elastic. 
4.0 Experimental and numerical results 
To assess the effectiveness and accuracy of the modelling, the numerical and 
experimental results were compared to verify the reliability of the FE model. For this 
purpose, static loads ranging from 4,448N (1,000 lbs) to 53,380N (12,000 lbs) were 
applied to the model and to the test specimens. The applied load was not increased past 
53,380N (12,000 lbs) to ensure that no plastic strains occurred. A linear relationship 
between the applied load and the measured experimental strains was found and is shown 
in Figure 7. This plot depicts the strains in the X-dir (i.e., perpendicular to the weld toe). 
It should be noted that the magnitude of these strains are much larger than the strains that 
are parallel to the weld. A linear relation was also observed in the case of the strains 
parallel to the weld toe (not shown here). 
In Figure 7, the solid lines represent the measured experimental strains. Due to a strain 
gauge malfunction at location 3, the corresponding values are not reported. The strains 
obtained from the simulations and those from the experiments are tabulated in Table 1 for 
locations 4 and 6. In addition, for ease of comparison, the strain values obtained from the 
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FE model for location 6 in the X-direction are also shown in Figure 7. The results show 
that in general a very good agreement exists between the experimental and numerical 
strains for both locations (4 and 6 in X and Z directions). Strain readings from the other 
locations also provided similar results. It was observed that with an increase in the 
applied load, there was a better agreement between the FEA and experimental results. 
This is expected as the experimental strains are less prone to noise at larger loads. At 
small strains, any minor noise or disturbance can affect the accuracy of the experimental 
readings. In table 1, it can be seen that for location 4 (in both the X and Z-directions) 
there exists some discrepancies between the FE results and the measured strains also at 
higher loads. However, it should be noted that the magnitude of the strains in location 4 
are still relatively small even at these higher loads (i.e., about 7 times smaller than the 
magnitude of the strains in 6X at 12000lbs) and therefore are more prone to noise.  
From Table 1, it can be observed that the experimental strains perpendicular to the weld 
toe at location 6 are about 4.8 times larger than the strains parallel to the weld. This ratio 
is about 5.7 times for the FEA results. The dominating role of the strains perpendicular to 
the weld toe was also observed at the other locations. This is in agreement with the work 
of [7,8, and 10] which suggest that the strains and stresses normal to the weld toe are 
mainly responsible for plasticity/crack initiation and propagation.  
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Table 1: FEA and experimental strain readings at locations 4 and 6 of the T-joint (strain 
values are in µ-strain) 
12000lbs  (53380N) 4X 4Z 6X 6Z 
FEA 330.1 116.6 2626.4 458.1 
Experimental 412.9 173.8 2550.0 533.9 
8000lbs   (35586 N)     
FEA 220.1 77.7 1750.9 305.4 
Experimental 267.8 124.9 1642.0 295.9 
6000lbs   (26689 N)     
FEA 165.1 58.3 1313.2 229.0 
Experimental 177.7 90.6 1190.0 201.4 
4000lbs    (17793N)     
FEA 110.1 38.9 875.5 152.7 
Experimental 105.0 54.7 775.8 119.3 
2000lbs      (8896N)     
FEA 55.0 19.4 437.7 76.3 
Experimental 44.2 29.5 359.9 39.8 
 
Location 6 is of special interest here, since both the experimental and numerical results 
show the maximum hot spot stresses are located at the weld toe close to this location. The 
fatigue tests on the T-joints also showed the first signs of fatigue crack initiation to be at 
the weld toe at this location, as shown in Figure 8.  
The FEA strains and stresses perpendicular to the weld toe along the path starting at 
location 8 and ending at location 6 (6.35mm from weld toe) for the applied load of 
53,380N (12000 lbs) are plotted in Figure 9. This path will be referred to as the top of the 
connection from hereon. These values have to be extrapolated to obtain the stresses and 
strains at the weld toe. According to [18], the stresses and strains in the critical regions of 
tubular joints vary linearly. For this purpose, a linear extrapolation technique was used. 
As the reliability of the FE model was verified through the comparison of the FE and 
experimental strains at several locations, the FE model was used to obtain the second set 
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of values required for the linear extrapolation. These strains and stresses were read at a 
distance of 12.7mm from the weld toe. The results presented from hereon correspond to 
the applied load of 53,380N (12000 lbs). 
One of the most attractive features of using the linear extrapolation method to obtain the 
stresses and strains at the weld toe, is its relative mesh insensitivity. Both finer and 
coarser mesh sizes were analyzed to demonstrate the mesh insensitivity of this approach. 
The refined mesh zone shown in Figure 1b was used with element sizes of 1/2t, 3/4t, and 
1t for the convergence test, where t is the tubes‟ thickness of 6.35mm (1/4 inch). Table 2 
summarizes the three different FE models. The stress distribution in the X-direction at the 
weld toe at the top of the T-joint connection is depicted in Figure 10, showing a very 
good agreement amongst the three element sizes (in particular for mesh sizes of 1/2t and 
3/4t). Due to the mesh insensitivity of the stresses and strains with these meshings, the 
element size equal to 1t in the refined mesh zone was chosen for the analysis, as reported 
below. 
Table 2: Summary of the three different FE models 
Mesh         1/2t      3/4t        t 
Element size        3.175(mm)     4.765(mm)      6.35(mm) 
Number of elements       41780             37274       35038 
Number of nodes       53733             48006       45241 
 
From Figure 9, it can be observed that as the weld toe in the proximity of location 6 is 
approached, the stresses and strains increase very rapidly. All of the 6 components of the 
stress and strain distributions (i.e., normal and shear) along the weld toe are presented in 
Figure 11. It is important to examine these strains and stresses in detail to obtain insight 
into the components of stress that cause the most damage. The dominating role of the 
normal stresses and strains in the X direction is shown in Figure 11. The normal stresses 
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in the X-direction are the highest with a maximum value of approximately 630MPa at the 
weld toe at location 6, followed by the stresses in the Z-direction which have a maximum 
value of nearly 220MPa (located at 0.06m distance between locations 6 and 7). It can be 
observed that these components of stress cause the most damage. Therefore, if plastic 
deformation or fatigue cracking is a concern, the modification of the connection should 
focus on a design that reduces the X-direction normal stresses to be the most effective. 
In structural analysis, the stress distribution over the plate thickness is usually nonlinear 
in the vicinity of a notch, such as a weld toe. This stress distribution can be broken down 
into three components. The membrane stresses (σm) which are constant through the 
thickness of the plate and the bending stresses (σb) which assume a linear distribution 
through the thickness of the plate, with the mid-plate thickness serving as the neutral 
point. The remaining stress (σnonlinear) is from the local notch effect and is nonlinear. The 
decomposition of the local stress in the vicinity of the notch is given as follows: 
nonlinearbmNotch
              (3) 
 
As a point of interest, to observe the local notch effect, the stresses and strains were also 
obtained for the model without the weld profile at distances of t (6.35mm) and 2t 
(12.7mm) from the location of the weld toe. Although for the model without welds no 
weld profile existed, the strains and stresses were linearly extrapolated to the location of 
the virtual weld toe. The stresses obtained from the model without welds along with those 
obtained from the model including the welds, for the direction perpendicular to the weld 
toe are plotted in Figure 12.  
From Figure 12, it is observed that the stresses perpendicular to the weld toe for the FE 
model that includes the weld profile are higher than their counterparts without the weld. 
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This is particularly more pronounced in the proximity of location 6.  The maximum 
stresses in the X-direction along the weld toe predicted by the FE model with the welds is 
approximately 630MPa, while those predicted from the model without welds is about 
515MPa. A similar type of observation was made in regards to the strains, not reported 
here. It is also interesting to observe the distance along the X1 axis on the T-joint (shown 
in Figure 13) at which the effects of the weld profile disappear. The origin of the X1 axis 
starts at the weld toe and is located at 0.04m from the right end of the connection (i.e., 
nearly the centre of the top of the connection). The stresses (along the X1 axis) 
correspond to those on the mid-thickness of the tubes (i.e., membrane stresses) and the 
top surface which includes both the membrane and the bending stresses. These stresses 
are plotted for the FE models with and without the weld profile. It should be noted that 
the stress distributions in the model which includes the weld profile include the nonlinear 
stress distribution, σnonlinear , through the thickness of the tubes due to the local notch 
effect. 
From Figure 13, it can be observed that the weld profile affects the stress distributions on 
the T-joint connection up to a distance of approximately 0.035m. After this distance, the 
stresses are identical in the models with and without the weld profiles. In Figure 13a, it 
can be seen that at a distance of approximately ½ of the weld thickness (0.00635m = 1/4 
inch) from the location of the weld toe the stresses in the model with the weld profile are 
180MPa, while those without the weld profile are 165MPa (about 8% difference). From 
this figure it can be seen that the effects of the weld geometry are highly localized in the 
vicinity of the weld toe. In Figure 13b, which depicts the stresses occurring at the mid-
surface of the tubes (membrane stresses), it is observed that the stresses with and without 
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the weld profiles are nearly identical. These membrane stresses were not extrapolated to 
the location of the weld toe, and were directly obtained from the FE results file. Overall, 
the inclusion of the weld resulted in about a 3% increase in the membrane stresses up to a 
distance of 3.5cm. Therefore, in general the membrane stresses remain unaffected by the 
weld geometry. Similar observations were made for other locations around the T-joint 
(not shown here). This indicates that only the bending stresses are affected by the 
presence of the weld. This effect is highly localized and is only significant for distances 
of less than ½ of the weld thickness from the weld toe.  
5.0 Reinforcement of the connection 
The reinforcement of tubular joints in engineering applications poses a challenge. The 
ideal reinforcement should not only decrease the hotspot stresses and strains at the 
connection, but also must be practical for employment in new and existing structures. 
Certain reinforcement configurations which use internal stiffeners can prove to be 
difficult or impossible to carry out in the field due to accessibility issues once the 
structure is constructed. The schematic diagram of the T-joint stiffened both internally 
and externally for this study is shown in Figure 14.  
To reinforce the connection internally, two plates made up of shell elements (SHELL63 
from the Ansys program library), as shown in Figure 14b, were added to the FE model. 
The thickness of the reinforcement plates was varied in the range of 3.175mm to 
12.7mm. The configuration of the plates in this arrangement provided little improvement 
to the reduction of the maximum hotspot stresses and strains at the weld toe. In 
comparison to the T-joint without the reinforcements, the internally stiffened T-joint with 
12.7mm reinforcement plates resulted in the maximum stresses to be reduced by 8% 
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(from 630 MPa to 580 MPa).  More importantly, these stresses remained almost 
unchanged with varying reinforcement plate thickness. The maximum stresses 
perpendicular to the weld toe were reduced to 595 MPa for a plate thickness of 12.7mm, 
and to 580 MPa for a plate thickness of 3.75mm (i.e., 2.5% reduction of maximum 
stresses with 4 times increase in the plate thickness). The effect of the internal plate 
thickness on the hotspot stresses at the weld toe is presented in Figure 15. 
In the case of externally reinforced T-joints, the effect of stiffeners with different 
geometric parameters such as plate thickness and length were examined (shown in Figure 
14d). The thickness of the plate reinforcement varied from 3.175mm to 12.7mm, while 
the length of the plate varied from 25.4mm to 63.5mm. Figure 14c presents the meshing 
for the case of t = 6.35mm and L = 63.5mm. The effects of the reinforcement plate 
(thickness and length) on the maximum stresses at the weld toe are shown in Figures 16 
and 17. Figure 16 considers the effect of the thickness of the reinforcement plate for the 
case of L=63.5mm and Figure 17 considers the effect of the length of the reinforcement 
plate for the case t=12.7mm. 
In Figure 16, it can be observed that for the externally reinforced T-joint, the maximum 
stresses perpendicular to the weld toe have been reduced from 630 MPa to approximately 
540 MPa for a plate thickness of 3.175mm and to 468MPa for a plate thickness of 
12.7mm (i.e., 13% and 26% reduction of maximum stresses, respectively). In the FEA, 
the external reinforcement plates can take any size. However, the thickness of these 
plates was not increased past 12.7mm (twice the tube thickness of 6.35mm) due to design 
and welding issues that arise in practice. The proper welding of the reinforcement plates 
(such as full penetration welds through the thickness of the plates) becomes more 
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difficult when welding thicker plates onto the tubes. In addition, it was observed that the 
length of the external plate reinforcements is more effective on the reduction of the 
hotspot stresses.          
From the above results, the effectiveness of the external reinforcement plates is clear. The 
best results have been obtained for the case where external stiffeners with a length of 
63.5mm and thickness of 12.7mm are used. The stress and strain distributions for this 
case in the direction perpendicular to the weld toe (X-dir) are shown in Figure 18. In the 
case of the stiffened T-joint, up to a distance of approximately 0.05m from the right end 
of the connection, a slight increase in the stresses and the strains along the weld toe is 
observed.  However, the maximum hot spot stresses and strains have been drastically 
decreased (i.e., by 26%) compared to the unstiffened T-joint connection. A similar trend 
was also observed in the reduction of stresses and strains in the Z-direction (i.e., direction 
parallel to the weld) not shown here.  
It is observed that with an increase in the length of the external reinforcement plates, the 
maximum stresses at the connection continually decrease as well. Based on this, the 
question that arises is as follows: if the maximum stresses at the connection continually 
decrease as the length of the reinforcement plates is increased, what plate length can be 
considered as adequate? According to [23], SHS-to-SHS tubular T-joint connections 
behave as beams at sufficient distances away from the connection. However, at smaller 
distances close to the connection, there exists significant distortion of the cross-sections 
due to the thin-wallness of the tubular members which causes significant stress and strain 
concentrations. In [23], this distance was found to be approximately equal to the length of 
one of the sides of the square cross-section of the tubular members.  It should be noted 
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that the beam element model assumes an ideal rigid connection with no stress/strain 
concentrations. For this reason, the length of the reinforcement plates that result in 
similar maximum stresses as to those of the beam model can be considered as “optimal” 
or “adequate” reinforcement plate length. Any further increase in the length of the plates 
can result in the over reinforcement of the connection, with little or no beneficial effects, 
as cracks can develop at locations other than the connection of the T-joint structure.  
From the above discussion, a FE model constructed from beam elements with both 
torsional and bending degrees of freedom as shown in Figure 19 was developed. The 
BEAM4 element from the Ansys program library, which is a 3D elastic beam, was used 
for this purpose. The dimensions of the beam element model were taken to be the same as 
that of its solid element model counterpart. For the beam elements, the following 
parameters were used: the area moment of inertia Iz = Iy = 3.67E-06 m
4 
(8.83 in
4
), the 
beam cross sectional area A = 2.42E-03 m
2 
(3.75 in
2
), and the torsional constant J = 
6.66E-06 m
4 
(16 in
4
). Using these parameters, the maximum stresses at the connection of 
the T-joint were found to be 279 MPa. These stresses occurred in the element between 
nodes 11 and 22. Based on this stress magnitude, a series of numerical experiments were 
then performed with the length of the reinforcement plate increased in the solid element 
model to determine the maximum stresses at the connection. 
From the numerical experiments it was observed that with a plate reinforcement length of 
126mm (and 12.7mm thickness) the maximum stresses of the solid element model at the 
T-connection were reduced from 630MPa to approximately 310MPa (51% decrease). It 
should be noted that with these dimensions of the external reinforcement plates, the 
maximum stresses at the connection have significantly decreased. These stresses are very 
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close to those obtained using the FE model constructed from beam elements which was 
279MPa. For this reason, the length of the reinforcement plates was not increased any 
further beyond 126mm.  
6.0 Conclusions 
Through a detailed numerical and experimental study, the stress and strain distributions 
along the weld toe of a SHS-to-SHS tubular T-joint were determined. Several full-scale 
welded T-joints were cut at the connection to obtain the size and the depth of penetration 
of the weld for the accurate FE modelling. The FE results were compared with the 
experimental strain readings using the strain gauges installed on several full-scale T-joint 
samples. It was shown that the developed FE model is reliable for the modeling of SHS 
T-joint connections and that it can be used to accurately predict the hotspot stresses and 
strains. The location of a crack due to fatigue on an experimentally tested T-joint 
corresponded very closely to the location of the maximum stresses obtained from the FE 
model. With the examination of through-the-thickness stresses, it was observed that the 
weld geometry, which can have a random nature in practice, affects only the bending 
stresses, while the membrane stresses remain almost unaffected. At the very vicinity of 
the weld toe there exists large stress concentrations. The effect of the weld geometry on 
the bending stresses, however, is highly localized at the connection. This effect drops to 
about 8% at a distance of about ½ of the weld thickness from the weld toe. The verified 
FE model was also used to study the behaviour of reinforced T-joint connections. It is 
shown how the reinforcing plates of various dimensions and locations can reduce stresses 
in the connection. Clearly, the purpose of such reinforcements is to limit the local 
deformations, and consequently stress concentrations in the joint. The results and 
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conclusions of this research work can be used as a tool for engineers and researchers 
working in the manufacturing and construction industries. 
 
Appendix A: shape functions 
For the 8-noded linear solid elements, extra displacement shapes were included for shear 
locking considerations. The shape functions for this element with the extra displacement 
shapes (i.e., u1, u2 and u3) are as follows [19]: 
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where s, t, and r are the orthogonal axis in a right handed local coordinate system and u, v 
and w are the translations in the s, t, and r directions, respectively. Subscripted values 
such as uI , vI , wI refer to the translations u, v and w of node I and so on. The indices I, J, 
K, L, M, N, O, and P refer to the eight nodes of the solid element. 
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(c) 
Figure 1: FE solid element model of the T-joint without welds: a) overall view of the 
meshed T-joint, b) refined mesh zone, and c) meshing of the tubes‟ thickness 
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Figure 2: FE model of the welded joint using tetrahedron volume elements  
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(b) (c) 
Figure 3: a) T-joint connection cut along the lines A1 and A2 and b,c) weld profile and 
depth of penetration as seen from the inside of the connection. 
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                                                                         (b) 
Figure 4: Configuration and dimensions of the T-joint samples (all dimensions in mm) 
a) top view b) front view 
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(a)                                                                           (b) 
Figure 5: Test rig and loading mechanism (a) front view (b) rear view 
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                              (a)                                                                  (b) 
 
      
                               (c)                                                                  (d) 
Figure 6: Locations 1 to 8 of strain gauges installed: a) Overall view of the test fixture, b) 
Corresponding FE model with loading mechanism and applied boundary conditions, c) 
Close up view of the strain gauges installed, and d) locations of the strain gauges 
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Figure 7: Measured experimental and FEA strains from the application of loads ranging 
from 1,000 lbs to 12,000 lbs at locations 2 and 4-8 in the X-direction 
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Figure 8: Site of crack initiation at the weld toe which is close to location 6 (site of 
maximum stress in FEA results). 
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Figure 9: FEA Strain and stress distributions on top of the T-joint connection in the X-dir 
for 53,380 N (12,000lbs) from top right end (location 8) to top left end (location 6) 
  
  
  
  
  
 S
tr
es
s 
in
 t
h
e 
X
-d
ir
 (
S
xx
) 
 M
P
a 
 
 (b) 
Distance (m) from top right end 
  
  
  
µ
-s
tr
ai
n
 i
n
 t
h
e 
X
-d
ir
  
Extrapolated strains at 
the weld toe 
Strains at 12.7mm 
from weld toe 
      Strains at 6.35mm from 
      the weld toe 
Extrapolated stresses at 
the weld toe 
     Stresses at 6.35mm from 
      the weld toe 
Stresses at 12.7mm 
from weld toe 
 124 
 
    
0
100
200
300
400
500
600
700
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
1 t
1/ 2 t
3/ 4 t
 
                                     Distance (m) from top right end 
     (d) 
Figure 10: Results of the mesh sensitivity analysis: a)1/2t model, b)3/4t model, c)1t 
model, and d) Stresses in the X-dir at the weld toe, tube thickness (t) = 6.35mm (1/4 inch) 
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Figure 11: Stress and Strain distribution along the weld toe at the top of the T-joint 
connection: a) Normal stresses, b) Shear stresses, c) Normal strains, and d) Shear strains. 
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Figure 12: a) Decomposition of the local notch stress and b) Stresses at the weld toe in 
the X-direction with and without weld profiles. 
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Figure 13: Stresses (Sxx) along the X1 axis: a) Membrane and bending stresses, and b) 
Membrane stresses 
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Figure 14: The reinforced T-joint: a) externally stiffened, b) internally stiffened, c) 
meshing of externally reinforced connection and d) geometric parameters of the external 
stiffener 
 
   Thickness  
 129 
0
100
200
300
400
500
600
700
no
reinforcement
3.175 6.35 9.525 12.7
 
Figure 15: Effect of the internal reinforcement plate thickness on the maximum stresses 
in the X-direction  
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Figure 16: Effect of the external reinforcement plate thickness on the maximum stresses 
in the X-direction for the case L = 63.5mm 
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Figure 17: Effect of the external reinforcement plate length on the maximum stresses in  
the X-dir for the case t =12.7mm 
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Figure 18: FEA results along the weld toe at the top of the connection (a) hotspot 
stresses, and (b) hotspot strains   
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Figure 19: FE model using beam elements to calculate the stresses  at the T-joint 
connection  
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Chapter 5. The influence of mechanical and laser cutting on 
the fatigue strengths of square hollow-section welded T-joints 
 134 
Abstract 
 
T-joint connections are commonly encountered in many machine components and load 
carrying members. The T-joint connections can be fabricated using traditional 
mechanical cutting or by laser cutting techniques. The present study investigates the 
feasibility of using laser cutting to produce welded square hollow-section T-joints with 
similar or higher fatigue strengths than their conventional mechanical cut counterparts. A 
total of 21 full-scale T-joint samples, typical of those found in the agricultural industry, 
were included in this study. Nineteen of these samples were examined with the intention 
to form a fatigue crack of approximately 3.8cm (1.5 inches) in length, and 2 samples with 
strain gauges attached for strain measurements. The experimental results of the full-scale 
T-joints subjected to cyclic loads showed that the fatigue strength of the samples that 
were manufactured with laser cutting were higher than those fabricated with mechanical 
cutting. A finite element analysis (FEA) of the T-joints was also performed, and the FEA 
results of the numerical study were verified with the strain measurements.  
Keywords: T-joints; fatigue strength; laser cutting; welds; finite element analysis. 
 
1.0 Introduction 
Modern developments in cutting and welding techniques have provided engineers with a 
range of alternatives for fabricating machine parts. Consider a welded T-joint connection 
(a hollow 4 4 tube to another 4 4), in which the straight edge of one tube is cut by 
conventional mechanical cutting tools (i.e., flame cutting) and welded to the body of the 
other tube to form the T-joint. This connection needs two or three pass of welding to fill 
in all the gaps. The tubes can be cut using a laser beam to fit the profile of body of the 
other tube before welding. Then one pass of weld may be enough to obtain the same 
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strength as conventional cut and several pass of welds. Previous studies on sheet steels 
have suggested that laser cutting results in higher fatigue strengths than mechanical 
cutting. However, to the best of the authors‟ knowledge, there are no such studies 
performed on more complicated steel structures such as the aforementioned T-joints. To 
increase the use of laser cutting for such structures, there is a need for more testing and 
analysis. 
Laser cutting may increase the cost of manufacturing initially; however, it will reduce the 
overall cost and time of welding in the long run. Cutting with laser has many advantages 
over conventional mechanical cutting; one advantage is the high flexibility in changing 
from one geometry to another due to numerical control and the absence of mechanical 
tools [1]. This translates to shorter production series and quicker prototype development. 
Another advantage, which is more important for us, is the possibility to cut components 
with very complicated geometries with high precision [2].  
The cut edges of steel components by laser cutting differ from mechanically cut edges in 
properties, which influence the fatigue life of components to different degrees. Only a 
few researchers have studied the influence of mechanical cutting versus laser cutting.  
The effects of surface finish from different machining operations were studied in [3-4]. In 
the last of these publications, the combined effect of surface finish and inclusions were 
considered. The effect of different cutting processes on the fatigue properties and hence 
the fatigue life of sheet steels were studied by [4-5]. Meurling et al. [1,6] performed a 
series of detailed tests to experimentally determine the difference in fatigue properties of 
mechanical and laser cut specimens of a wide range of steel sheets. Their study included 
3 carbon steel sheets and 3 stainless steel sheets of different strength levels.  The studies 
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concluded that both under constant and variable amplitude cyclic loads, laser cutting 
produced higher fatigue strengths than its mechanical cut counterpart.  
This paper presents the results of an experimental investigation on the influence of laser 
cutting versus mechanical cutting on the fatigue behaviour of square hollow-section 
(SHS) welded T-joints. The research work presented focuses on the practicability of 
using this technology to produce welded connections of higher strength than the 
“conventional” welded T-joints. An experimental test fixture with a hydraulic actuator 
capable of applying both static and cyclic loadings was designed and used for the 
experiments. A total of 21 full-scale T-joint samples, typical of those found in the 
agricultural machineries were included in this study. Nineteen of these samples were 
subjected to cyclic loads until a fatigue crack of approximately 3.8cm (1.5 inch) in length 
was formed. On two samples, eight strain gauges were installed around the connection of 
each T-joint for strain measurements. A finite element analysis (FEA) using solid 
elements was also performed to gain further insight into the stresses that occur at the 
welded connection of the two different types of T-joints. The results of the FEA were 
verified using the experimental strain measurements. 
The fatigue properties of the weld (i.e., electrode) and parent material (steel used for the 
manufacturing of the tubes) were determined using small krouse laboratory samples 
subjected to rotating bending fatigue tests. The full-scale T-joint samples manufactured 
through mechanical and laser cutting were tested at a number of different load levels in 
order to obtain the fatigue strength (load-life curve) of the joints with the two different 
cutting techniques. As presented in this paper, the experimental study showed that the 
 137 
fatigue strength of the T-joint samples manufactured with laser cutting was higher than 
those fabricated with mechanical cutting. 
 
2.0 T-joint connections fabricated with laser and mechanical cutting 
 
In order to obtain an acceptable level of strength in the welding of most machine parts, 
usually more than one welding pass is required. A typical case of this situation is in a 
welded connection where two hollow tubes of the same cross section are welded together 
to form a T-joint. To form this T-joint, traditionally, the straight edge of one tube is cut 
using the conventional mechanical cutting and welded to the body of the other tube. It is 
clear that to fill in all the gaps where the two tubes connect, two or three passes of weld 
are usually required. The tubes can be cut using a laser beam to fit the profile of body of 
the other tube before welding. Then, one pass of weld may be enough to obtain the same 
strength as conventional cut and several passes of weld.  
The schematics of the edges of the tubes cut using traditional mechanical tools and a laser 
beam are shown in Figures 1a) and 1b), respectively. The samples constructed using 
mechanical cutting (i.e., torch) are referred to as “conventional” samples. Specimens 
constructed using laser cutting technology with the profile shown in Figure 1b are from 
hereon referred to as “couped” specimens. In Figures 1c and 1d it can be seen that for the 
couped T-joints the tubes are connected together leaving very little gaps at the 
connection. In comparison, the conventional samples usually require two or three passes 
of weld. 
 138 
                          
     (a)                                      (b) 
        
   (c)                                 (d)  
Figure 1: Test specimen: (a ) Schematics of traditional mechanical cut edge (b-c) 
Schematics of laser cut edge and (d) the cuped T-joint connection. 
 
3.0 Experimental Test Fixtures 
Two test fixtures were developed for this experimental study. The first test fixture was 
designed so that the T-joints are subjected to the actions of only in-plane loads (as the 
applied force is in the plane of the T-joints), while the second  test fixture subjected the 
T-joints to a more general loading (i.e., out-of-plane loads were applied). The test rig 
shown in Figures 2a and 2b will from hereon be referred to as test rig 1. The test rig 
shown in Figures 2c and 2d will be referred to as test rig 2. 
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   (a)      (b) 
  
(c)                                                                    (d) 
Figure 2: Test rig and loading mechanism (a and b) for in-plane loading conditions and (c 
and d) for general loading conditions (out-of-plane loads) 
 
In both of the test fixtures, for the mounting of the T-joints, the ends of the specimen 
were fixed to the test rig using 4 bolts to ensure fixed end boundary conditions. For the 
application of the load, a linear hydraulic actuator capable of applying both static and 
cyclic loadings of up to 94000N (21,132lbs) in tension-compression was employed. The 
hydraulic actuator was connected to the test fixture through the use of a coupler shown in 
Figures 2b) and 2d). In order to ensure the accuracy of the applied loads, a pressure 
transducer was used to measure the actual applied pressure (i.e., corresponding to a 
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particular force). This measurement was then used for comparison with the desired 
applied force. The T-joint samples had three 6.35mm (1/4 inch) thick end plates welded 
to them to facilitate the specimen installation as well as load application. The T-joints are 
fabricated from structural steel with a yield and an ultimate tensile strength of 540MPa 
and 600MPa, respectively. 
For the control of the hydraulic actuator, a “Simulink” program was developed in 
“Matlab”. The block diagram made in Simulink is presented in Figure 3. The developed 
program has three main purposes: 1) control of the hydraulic actuator (i.e., signal 
generation, magnitude and frequency of the applied load) and feedback from the pressure 
transducer, 2) data collection (i.e., storage of the experimental strain readings from the 
strain gauges) and 3) safety. Since fatigue tests usually happen over extended periods of 
time, it is important to design the control setup of the actuator such that it would be safe 
to run the experiments with minimal supervision. In Figure 3, channels u[1], u[2] and 
u[3] represent the desired input pressure applied to the actuator, the actual actuator 
pressure which is obtained from the feedback of the pressure transducer, and the oil level 
in the hydraulic system, respectively. Channels u[4]-u[7] are used for data collection 
from the strain gauges. The safety monitor blocks in the diagram, check for the oil level 
as well as the difference between the desired and the actual applied force. If the oil level 
in the hydraulic system is lower than a specified value or the difference between the 
actual and desired input pressures are too large, the system is automatically shut off for 
safety purposes. 
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Figure 3: Simulink program developed for the control of the hydraulic actuator 
                                        
 
Two T-joint samples (one couped and one conventional) were monitored using rosette 
strain gauges. For these two specimens, a total of 8 strain gauges were installed around 
the connection of each T-joint. The locations of these strain gauges are shown in Figure 4 
(the shown locations are not to scale). For each location, a two-channel 90º tee rosette 
strain gauge was employed. These strain gauges are capable of measuring the strains in 
the perpendicular and parallel directions to the weld toe (i.e., X and Z directions for 
locations 2-8). For location 1, strains were measured in the X and Y directions.  In most 
of the reviewed literature, only the strains perpendicular to the weld toe have been 
measured as those parallel to the weld are assumed to be relatively small. The strain 
gauges shown in Figure 4 are 6.35mm (1/4 inch) away from the weld toe (with the 
exception of location 4). The strain gauge in location 4 is at a distance of 50.8mm (2 
inches) from the weld toe, therefore not affected by the stress concentrations at the weld.  
Safety monitor blocks 
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Figure 4: Locations 1 to 8 of the strain gauges installed  
 
 
The mechanical and laser cut samples are both welded using the inert metal gas welding 
(MIG) process according to the AWS specifications [7]. In Figures 5 and 6, these two 
samples are shown. To examine the welding, and to accurately model the welds for the 
FE study, the samples were cut at different locations of the connection. The cuts were 
made along the lines A1, A2, A3 (shown in Figure 5a) on two couped samples and along 
the lines A1 and A2 (shown in Figure 6a) on two conventional samples. Figure 5b depicts 
the depth of weld penetration on a couped sample along the line A3 (i.e., the centerline of 
the connection), while Figure 6b depicts the depth of weld penetration along the 
centerline of the connection for a conventional sample. It is worth noting that in general 
the height of the weld is smaller in the conventional samples with through-the-thickness 
weld deposit (full-penetration welds). In the case of the couped samples, the weld 
penetration extends to approximately half of the thickness of the tubes and the height of 
the weld deposit is generally larger as well. Similar observations were made regarding the 
profile and depth of penetration of the weld along the other cuts made at the connection. 
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Figure 5: a) Couped sample and b) weld profile  
shown for the cut made along line A3  
 
  
Figure 6: a) Conventional sample and b) weld profile 
shown for the cut made along line A2  
 
4.0 Experimental Results 
4.1 Fatigue properties of the weld and parent material 
The specimen geometry used for the fatigue strength testing of the weld and parent 
material is shown in Figure 7a. The specimen preparation and fatigue tests were based on 
the ASTM standards [ASTM E468-90(2004)e1]. All samples were machined from 19mm 
(3/4 inch) thick plates. In the case of the welded samples, the entire specimen was not 
manufactured using the weld metal. Plates constructed from the parent material were cut 
    A1  A2 A3 
A1           A2  
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as shown in Figure 7b and then welded and machined to the geometry shown in Figure 
7a.  
 
(a) 
 
(b) 
Figure 7: a) Geometry of krouse specimen for the fatigue testing of the weld and parent 
materials and b) plates used for the preparation of the welded samples 
 
Constant stress amplitude tests were performed on both materials using a rotating 
bending fatigue testing machine. The tests were performed at least at 9 different load 
levels and to a maximum life of ten million cycles or to failure with full separation of the 
specimens, which ever occurred first. The stress was fully reversed. For the weld 
material, a minimum of 5 samples were tested at each load level, while for the parent 
material a minimum of 3 samples were tested. In the welded samples, all fatigue cracks 
and fractures occured in the welded portion of the specimens, providing the fatigue 
 145 
strength of the weld material. The results of the fatigue tests obtained from the krouse 
specimens for both the parent and welded materials are shown in Figure 8. It can be 
observed that the fatigue strength of the weld material is higher than that of the parent 
material. The endurance limit of both materials is approximately the same (about 310 
MPa).  
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Figure 8: S-N curves of the weld and parent materials. 
 
4.2 Strain gauge measurements 
For the measurement of the experimental strains, static loads ranging from F = 4,448N 
(1,000 lbs) to 53,380N (12,000 lbs) were applied using the hydraulic actuator in both (in-
plane and out-of-plane) test fixtures. The schematics of the loadings for both cases are 
shown in Figure 9. The applied load was not increased past 53,380N (12,000 lbs) to 
ensure that no plastic strains occurred. It should be noted that for test rig 1 (shown in 
Figures 2a and b) the force, F, is applied in the plane of the T-joint. On the other hand, 
for the test rig 2 (shown in Figures 2c and d), the force, F, is applied at a height (i.e., out-
of-plane of the T-joint). This subjects the T-joint to the combined action of a 53,380N 
force and a moment equal to M = 53,380N × 0.33m = 17,615.4Nm (15,600 in-lbs). The 
S
tr
es
s 
(M
P
a)
 
     Weld material 
Parent material 
 146 
loading corresponding to this case will be referred to as “general loading” conditions 
from hereon.  
 
 
 
 
                                  (a)     (b) 
Figure 9: a) in-plane loading, and b) general loading conditions 
The linear relationship between the applied load and the measured strains were found and 
are shown in Figure 10. In the figure, the strains in the X-dir (i.e., perpendicular to the 
weld toe) are depicted. It should be noted that the magnitude of these strains are much 
larger than the strains that are parallel to the weld. A linear relation was also observed in 
the case of the strains parallel to the weld toe (not shown here). It can be observed that 
the maximum strains occur at location 6 for both loading conditions (in-plane and 
general). As it will be shown, the weld toe close to location 6, is also the site of crack 
initiation when the T-joints are subjected to cyclic loadings. Therefore, the stresses which 
occur in regions in the vicinity of location 6 are of particular interest here. The results 
plotted in Figure 10 are for a conventional sample. The same experiments were also 
repeated for the couped samples and it was observed that the strain readings remain 
similar to those of the conventional sample. For location 6, the measured strains for both 
conventional and couped samples subjected to in-plane and general loading are shown in 
Figure 11.  
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     (a) 
 
  (b) 
Figure 10: Measured strains in the X-dir for conventional sample for a) in-plane loading 
and b) general loading 
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Figure 11: Comparison of the strain readings at location 6 in the X-direction for the 
conventional and couped samples 
 
5.0 Finite element analysis 
 
5.1 Finite element modeling of full-scale samples 
 
The numerical modeling of the welded T-joint connection is performed using ANSYS 
[8], the commercial finite element package. The developed FE model is based on the 
assumption of linear elasticity and small strains/displacements. Due to the inability of the 
shell elements to accurately model the interaction between the tubular members and the 
weld, solid elements have been used for modeling both the tubes and the welds in this 
study. Quadratic solid elements (20-noded) with three translational degrees-of-freedom at 
each node were used to model the weld and the tubes‟ structure. In order to accurately 
capture any non-linear stress gradients through the thickness of the tubes, 10 solid 
elements were employed to model the tubes‟ thickness (shown in Figure 12). Previous 
numerical experiments by the authors [9-11], have shown that the SHS-SHS T-joints 
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behave similar to beams at a sufficient distance from the connection. This distance is 
approximately equal to one side length of the cross-section. For this reason and also for 
numerical efficiency, only regions close to the connection were modeled with solid 
elements. Away from the connection the tubes were modeled by beam elements as shown 
in Figure 12 (beam 4 from the FE software library was used). For the beam elements, the 
following parameters were used which corresponded to the cross-sectional properties of 
the tubes: the area moment of inertia Iz = Iy = 3.67E-06 m
4 
(8.83 in
4
), cross sectional area 
A = 2.42E-03 m
2 
(3.75 in
2
), and the torsional constant J = 6.66E-06 m
4 
(16 in
4
). 
 
 
 
 
 
 
 
Figure 12: FE solid element model of the welded T-joint 
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For the accurate FE modeling, measurements of the weld profile (location of the weld 
toe, approximate height, width of the weld, and depth of penetration) have been taken 
from the actual samples. Due to the local notch stress concentrations, the weld toe is 
typically the location for the maximum stresses, causing fatigue cracks and plastic 
deformation to be initiated at these locations. For this reason, the profile of the weld can 
be somewhat arbitrary as long as the weld penetration and dimensions are similar to the 
actual welded samples. It should be noted that full penetration welds (as shown in Figure 
6) were modeled for the conventional samples. Figures 13a and 13b depict the FE model 
of the cross-section corresponding to that of a conventional sample. The figures show the 
nodes of the modelled cross-section. All nodes along the path between nodes 1 and 3 
(shown in Figure 13b) which are common between the tubes and the weld are connected, 
resembling a full penetration weld. In the case of the couped samples, the weld 
penetration extends to approximately half of the thickness of the tubes (as shown in 
Figure 5) and has been modeled as such for the FEA. Figures 13c and 13d represent the 
modeled cross-section and the corresponding nodes for a couped sample. To model the 
depth of penetration in the couped T-joint samples, the path shown between nodes 1 and 
2 in Figure 13d was modeled with two sets of coincident nodes which are not connected 
to one another. The length and geometry of this path was chosen so that it resembles that 
of a typical couped T-joint. The path between nodes 2 and 3 shown in Figure 13d was 
modeled with one set of nodes which are common between the tubes and the welds. The 
same meshing (i.e., identical element sizes and shapes) were used for the FE models of 
the couped and conventional samples.  
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Figure 13: Modeled cross-section and corresponding nodes in FEA for a-b) conventional 
and c-d) couped T-joint 
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5.2 FEA results and verification 
 
To assess the effectiveness and accuracy of the modeling, the numerical and experimental 
results were compared to verify the validity of the developed FE models. As mentioned 
previously, static loads ranging from 4,448N (1,000 lbs) to 53,380N (12,000 lbs) were 
applied in the experiments. The same loads were also applied in the FE models. The 
experimental and FE strains for both loading conditions (in-plane and general) and for 
both types of samples (couped and conventional) were compared. The strains obtained 
from the simulations and those from the experiments are tabulated in Table 1 for location 
6 (i.e., gauge location where the maximum strains occurred). The results show that in 
general a good agreement exists between the experimental and numerical strains. From 
Table 1, it can be observed that the strain readings for the couped samples are slightly 
higher than those of the conventional samples. For instance, for the case of F = 53,380N 
(12,000lbs) and for general loading conditions, the FEA results show about 5% increase 
(from 2407 to 2525 µ-strain) in the strains of the couped samples relative to those of the 
conventional samples. This ratio is about 3% for the experimental results (from 2250 to 
2610 µ-strain). Similar observations can be made for the in-plane loading conditions.  
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Table 1: FEA and experimental strain readings at location 6 in the X-direction of the T-
joint (strain values are in µ-strain) 
12000lbs  (53380N) 
6X 
general 
loading 
(couped) 
6X 
general 
loading 
(conventional) 
6X  
in-plane 
loading 
(couped) 
6X  
in-plane 
loading 
(conventional) 
FEA 2525 2407 945 895 
Experimental 2610 2550 1106 1050 
8000lbs   (35586 N)     
FEA 1683 1604 630 597 
Experimental 1685 1642 769 720 
6000lbs   (26689 N)     
FEA 1263 1203 473 448 
Experimental 1225 1190 560 510 
4000lbs    (17793N)     
FEA 842 802 315 298 
Experimental 776 741 381 345 
2000lbs      (8896N)     
FEA 421 401 158 149 
Experimental 390 352 196 160 
 
As the validity of the FE models were verified through the comparison of the FE and 
experimental strains, the developed models were used to obtain a more thorough 
understanding of the stress distribution around the connection of the couped and the 
conventional samples. It should be noted that with the existence of sharp corners at the 
weld toes, the elastic stress is theoretically infinite at these locations. This means that one 
can not simply obtain the stresses at the weld toe from the FE results file, as they do not 
converge and are mesh sensitive. A detailed analysis of the T-joint can be based on the 
fracture mechanics (F-M) methodology taking into account the crack growth and the 
local stress gradients. The failure criteria would then be based on the values of the critical 
stress intensity factors and the material fracture toughness. The F-M approach however 
requires relatively expensive computational efforts and is well suited for the analysis of 
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joints where cracks have already occurred. Another technique commonly used for the 
approximation of the stresses at the weld toe is the hot spot stress approach [11-14]. This 
approach requires the extrapolation of the local stresses close to the weld, to the location 
of the weld toe. Currently, the hot spot stress concept, when effectively linked to the FE 
results, is considered to be an efficient methodology for engineering design in the 
industry [15]. This approach when applied to the couped and conventional samples 
employed in this study, results in nearly the same stresses at the weld toe. This is because 
the stresses in the vicinity of the weld toes in these two types of samples are very similar 
to one another. 
In this study, the main point of interest is the relative increase in the fatigue strength of 
the couped samples to that of the conventional samples. The fatigue strength of the T-
joints is governed by the local stresses that occur at the failure critical points such as the 
weld toes. Even though the developed FE models can not be used to obtain the exact 
magnitude of the stresses at the location of the weld toe, however, since the meshing (i.e., 
element sizes) for the conventional and couped samples are identical, the relative stress 
amplification/reduction between these two different types of samples can be accurately 
obtained. 
For comparison, along the weld toe at the top of connection (the path starting at point B 
and ending at point A, shown in Figure 12), the stresses on the mid-thickness of the tubes 
(i.e., membrane stresses) and the top surface (which includes both the membrane and the 
bending stresses) are considered. Figures 14 and 15 depict the FEA results for the general 
loading conditions and a couped sample. All of the 6 components of the stress 
distributions (i.e., normal and shear) and the Von-Mises equivalent stresses at the 
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connection are considered. It is important to examine these stresses in detail in order to 
obtain insight into the components of stress that cause the most damage. The dominating 
role of the normal stresses in the x-direction on the membrane and bending stresses can 
be observed in Figures 14 and 15.  
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Figure 14: Stresses along the path BA (shown in Figure 12) for the top surface of the 
tube: a) Normal stress and b) Shear stress components 
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(a)      (b) 
Figure 15: Stresses along the path BA (shown in Figure 12) for the mid-thickness of the 
tube: a) Normal stress and b) Shear stress components 
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The normal stresses in the x-direction are the highest with a maximum value of 
approximately 846MPa at the weld toe at location 6 (near point A) on the top surface, and 
520MPa at the mid-thickness of the tubes. It can be observed that the x-direction 
component of normal stress causes the most damage. The values of the Von-Mises 
equivalent stresses are very close to the values of the stresses in the x-direction. This is 
expected as the stresses in the x-direction are much larger than the other components of 
stress. Similar observations were made from the FEA results for of the conventional 
samples. Also, for the case of the in-plane loading conditions, it was observed that the x-
direction stresses are the most dominant. This is in agreement with the works of [16-19] 
which suggest that the strains and stresses normal to the weld toe (i.e., x-direction in this 
study) are mainly responsible for plasticity/crack initiation and propagation.  
As the dominating role of the x-direction stresses was observed and discussed from 
Figures 14 and 15, these stresses were examined in more details for the comparison of the 
stress distribution around the connection of the couped and conventional samples. Figures 
16a) and 16b) depict the FEA results for the general and in-plane loading conditions in 
the x-direction, respectively. For both loading conditions, only a slight increase in the 
stresses of the couped sample relative to the conventional sample is observed. For the 
general loading conditions, the maximum membrane stresses for the conventional sample 
were 500MPa while for the couped sample were 520MPa (about 4% increase). At the top 
surface (i.e. at the weld toe) of the connection, the maximum stresses were 828MPa and 
846MPa for the conventional and couped samples, respectively (about 2% increase). 
Similar observations were also made in the case of the in-plane loading conditions, where 
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the stress distribution in the vicinity of the couped and conventional samples was 
observed to be very similar.  
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Figure 16: Membrane and bending stresses in the X-direction for the couped and 
conventional samples for a) general and b) in-plane loading conditions 
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6.0 Fatigue tests performed on full-scale T-joint samples 
The fatigue tests of the full-scale T-joints were performed using test rig 2 (general 
loading conditions). It was observed that with cyclic loads of less than ±17793N 
(4000lbs) there were no signs of cracks on the conventional or couped samples at over 1 
million cycles. Experimental and simulations results suggested that the resulting stresses 
from applied loads of less than 4000lbs were below the endurance limit of the material, 
therefore the specimens did not fail. For the fatigue tests, when a crack of approximately 
3.8cm (1.5 inches) in length was formed, the specimen was considered to have failed and 
the cyclic load was removed. This crack length was chosen to ensure that the fatigue 
crack on all of the T-joint samples has reached a size which is visible without difficulty 
by the naked eye. It is well known that the frequency of the applied load has no 
significant effect on the fatigue life of the component. In this study, the frequency of the 
applied load was kept in the range of 0.1Hz to 0.5Hz. The reason for operating at these 
low frequencies was due to the induced vibrations on the test fixture at higher 
frequencies. This was one of the challenges of working with full-scale samples.  
The fatigue cracks on all, but two of the T-joint samples were initiated at the weld toe 
close to location 6 (point A), which corresponds well with the location of the maximum 
stresses from the FEA. The cracks were initiated and propagated at the weld toe. Figure 
17a shows a typical cracked T-joint. It should be noted that the cracks on the two T-joints 
that did not occur at the weld toe, were still in the vicinity of location 6. On these two 
samples the cracks initiated and propagated at the weld itself, not the weld toe. This can 
be the result of some imperfections and irregularities in the microstructure of the weld. 
The crack on one of these samples is shown in Figure 17b. The initiation of the crack at 
 159 
the weld toe of the T-joints is expected. The fatigue tests on the small krouse specimens 
showed that the weld material has a higher fatigue strength than the parent metal. In 
addition, the weld toe is influenced by the relatively weaker material properties of the 
heat affected zone and the maximum stresses (large stress concentrations) typically occur 
there. 
   
            (a)              (b) 
Figure 17: T-joint sample with fatigue crack initiated a) at the weld toe close to location 
6. and b) at the weld itself close to location 6. 
 
Figure 18 presents the load-life diagram of the couped and conventional samples. It can 
be seen that the couped samples typically have a higher fatigue strength than their 
conventional counterparts. This increase in fatigue strength is more pronounced with high 
cycle fatigue (i.e., smaller loads). For instance, for the conventional and couped samples 
tested at 12,000lbs, the fatigue life was found to be 201 and 234 cycles, respectively. In 
comparison, at 4,500lbs, the fatigue life of the conventional sample was 75,000 cycles 
while that of the couped sample was 120,000 cycles.  
      Crack 
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Figure 18: Load-life diagram to failure for 3.8 cm (1.5 inch) fatigue crack for loads 
ranging from 4,500-12,000 lbs (20,017 to 53,379 N).  
The static FEA of the couped and conventional T-joints showed that the stresses at and in 
the vicinity of the weld toe of the couped samples are only marginally higher (generally 
less than 5%) than the conventional samples. Similar observations were made from the 
experimental study and strain measurements subjecting the T-joints to static loads. The 
fatigue tests on the T-joints however show that the couped samples have a higher fatigue 
strength than their conventional counterparts. The main reason for this increase in the 
fatigue life of the couped samples can be attributed to the improvement in the mechanical 
properties as a result of laser cutting versus mechanical cutting. This is in agreement with 
experimental studies by Meurling et al [1,2, and 4] on sheet steels that suggested laser 
cutting produces higher fatigue strengths than mechanical cutting. This increase in 
strength could be up to 30% [1]. In those studies, the main explanation for the lower 
fatigue lives after mechanical cutting was the presence of larger surface defects on the cut 
edges relative to laser cut edges.  
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7.0 Conclusions 
The use of laser cutting technology to produce SHS-to-SHS T-joint connections of higher 
fatigue strength in comparison with those produced using traditional mechanical cutting 
tools was investigated. On two T-joint samples, 8 strain gauges were installed around the 
connection of each sample for strain measurements and to verify the FE models. The 
FEA results were compared with the experimental strain readings and it was shown that 
the developed FE models are valid for the modeling of both the conventional and couped 
SHS T-joint connections. The fatigue properties of the weld (i.e., electrode) and parent 
material (steel used for the manufacturing of the tubes) were determined using laboratory 
krouse samples subjected to rotating bending fatigue tests. For the fatigue tests of the T-
joints, 19 full-scale welded samples (both couped and conventional) with dimensions 
typical to those found in the agricultural industry were used. The T-joint samples were 
subjected to cyclic loads. It was observed that the fatigue strength of the couped samples 
in general is higher than the conventional samples. The results of the experimental and 
FEA investigations suggest that the tubes can be effectively cut using laser beam to fit the 
profile of body of the other tube before welding. Then one pass of weld is enough to 
obtain a higher fatigue strength than conventional cut and several pass of welds. This will 
result in shorter production series and quicker prototype developments. The results of this 
research work can be used as a tool for engineers and researchers working in the 
manufacturing and construction industries. 
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Chapter 6: Conclusions, Contributions and  
Future Works 
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In this dissertation, the behaviour of SHS-to-SHS T-joint connections subjected to static 
and cyclic loads was studied. The results and conclusions of this research work have 
practical applications and can be used by engineers and researchers working in the 
manufacturing and construction industries. In section 6.1, the summary and conclusions 
of this thesis are presented. Also, the contributions of the candidate‟s work are 
highlighted in section 6.2. The potential future works which can be done in the 
continuation of this work are presented in section 6.3. 
6.1 Summary and conclusions 
The deformation patterns and stress distribution around the connection of SHS-to-SHS T-
joint connections subjected to different loading conditions were examined in detail in 
chapters 2 and 3. In chapter 2, the behaviour of SHS T-joint connections subjected to in-
plane bending (IPB) loading conditions was analyzed. The reasons for the stress 
concentrations and the stiffness reduction of the connection, when the T-joints are 
subjected to such loading conditions were provided. The parameters characterizing the 
connection‟s stiffness and the stress concentrations were found to be only dependent on 
the tube‟s thin-wallness ratio. A simplified approach for the analysis of the SHS-to-SHS 
T-joint connections under IPB loading conditions was proposed and the effectiveness of 
the approach was demonstrated by numerical examples. The approach introduced in 
chapter 2 successfully showed that the computational complexity involved in preparing 
detailed models of the T-joint connection when using shell and solid elements can be 
substantially reduced. 
In chapter 3, the approach presented for the analysis of the T-joint connections under IPB 
loads was extended to situations where the T-joint connections are subjected to out-of-
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plane bending (OPB) conditions. The parameters characterizing the stress concentrations 
and the connection‟s stiffness were found to be dependent on both the tube‟s thin-
wallness ratio and the length of the longitudinal member for such loading conditions. 
Using these parameters, a relatively simple and accurate approach was proposed to allow 
modelling the tubular T-joints with the aid of one dimensional beam elements with 
certain properties modified. The approach‟s efficiency was evaluated using a few 
numerical examples. Chapters 2 and 3 addressed objectives 3 and 4 of this thesis.  
In chapter 4 (objective 2), a welded T-joint connection of square hollow section tubes 
subjected to a multi-axial state of stress was examined both experimentally and 
numerically. In the experimental study, a test fixture with a hydraulic cylinder capable of 
applying both cyclic and static loads was designed and employed. Several strain gauges 
(a total of 16 on 2 samples) were installed around the connection of the T-joints to 
validate the results of the FEA. For the FE modelling, several full-scale welded T-joints 
were cut at the connection to obtain the size and depth of penetration of the weld. Upon 
the verification of the developed FE models using the experimental strain measurements, 
the models were used to study the through-the-thickness stress distributions of the tubes. 
Also, in order to limit the local deformations and to reduce the stress concentrations at the 
connection, plate reinforcements were used in a number of different arrangements and 
dimensions (objective 5). This resulted in a significant increase in the load carrying 
capacity of the T-joint. Chapter 4 accomplished objectives 2 and 5 of this thesis.  
In chapter 5, the feasibility of using laser cutting to produce welded SHS-to-SHS T-joint 
connections with similar or higher fatigue strengths than conventional mechanical cut T-
joints was investigated. In the study, a total of 21 full-scale T-joints were included. 
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Nineteen of these T-joint samples were subjected to cyclic loads with the intention to 
form a fatigue crack of approximately 3.8cm (1.5 inches) in length. On two of the T-joint 
samples strain gauges were attached. FE models of both types of T-joints manufactured 
with the different cutting techniques were also developed. The FE models were used for 
the comparison of the stress distribution around the connection of the two different T-
joints. The FEA results of the numerical study were verified with the strain 
measurements.  
 
6.2. Contributions of the research: 
 
The contributions of the candidate‟s research cover the objectives stated in section 1.2. 
The contributions of this research work can be summarized as follows:    
 
6.2.1. Contribution 1 - The use of laser cutting technology to produce SHS-to-SHS 
T-joint connections of higher fatigue strength in comparison with those produced 
using traditional mechanical cutting tools.  
Previous investigations on sheet steels have concluded that under constant and variable 
amplitude cyclic loads, laser cutting produces higher fatigue strengths than its mechanical 
cut counterpart. However, there are no such studies performed on full-scale and more 
complicated steel structures such as the T-joint samples employed in this study. The 
results of the experimental investigations on 21 samples from this study showed that the 
T-joint connections constructed using laser cutting provide higher fatigue strengths than 
the T-joint connections fabricated using mechanical cutting. Laser cutting is also 
beneficial as it will result in shorter production series and quicker prototype 
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developments. The results of this research work can be used as a tool for engineers and 
researchers working in the manufacturing and construction industries. This contribution 
is discussed in chapter 5. 
 
6.2.2. Contribution 2- The accurate FE modelling of the welded SHS-to-SHS T-joint, 
and the effects of the weld geometry on the stresses at the connection.  
A detailed FE model of the tubes and the weld using solid elements was constructed. 
Upon the verification of the FE model with experimental strain measurements, the effects 
of the weld geometry on the stresses in the vicinity of the connection were considered. It 
was observed that the membrane stresses remain unaffected by the weld geometry. The 
weld geometry only affects the bending stresses. The effect of the weld geometry on the 
bending stresses however, is highly localized and typically disappears within a distance 
of half of the weld width from the location of the weld toe. This finding is important as it 
shows that a particular geometry of the weld does not affect the maximum membrane 
stresses predicted by the simplified approach presented in chapters 2 and 3. This 
contribution was detailed in chapter 4 of this thesis. 
 
6.2.3. Contribution 3- The thorough understanding of the behaviour of SHS-to-SHS 
T-joint connections subjected to in-plane and out-of-plane bending (IPB and OPB) 
loads.  
Through a detailed FEA using shell and solid elements, the reasons for the local stress 
concentrations and deformations in the vicinity of the connection of the T-joints were 
provided. The parameters identifying the joints‟ stress concentrations and stiffness 
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reduction for different loading conditions were obtained. This understanding was crucial 
for the development of a simplified approach for the analysis of SHS-to-SHS T-joint 
connections (contribution 2) and also for the proper reinforcement of the T-joint 
connection (contribution 4). Contribution 1 of this research work was discussed in detail 
in chapters 2 and 3. 
 
6.2.4. Contribution 4 - The development of a simplified and accurate approach for 
the prediction of the stiffness and maximum stresses at the connection of SHS-to-
SHS T-joints.   
For the accurate prediction of the state of stress at the connection of the tubular members, 
relatively complex FE models constructed from shell or solid elements are required. The 
approaches presented in chapters 2 and 3 allow for the accurate modelling of the tubes 
using simple beam elements with certain properties modified. The development of such 
beam models is much easier and computationally efficient. It is observed that the 
proposed approach can accurately predict all the important information of structural 
analysis such as the reaction forces, maximum stresses, deflections and natural 
frequencies. This contribution and several examples showing the correctness of the 
approach were provided in chapters 2 and 3.  
 
6.2.5. Contribution 5 - The proper reinforcement of the T-joint connection in order 
to improved its load carrying capacity.   
The large stress concentrations and local deformations which occur in the vicinity of the 
connection of the tubular T-joints due to applied loads, significantly reduce the load 
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carrying capacity of the structure as a whole. To minimize these local deformations, the 
effects of both internal and external reinforcement plates were considered. It was 
observed that external reinforcement plates can significantly reduce the maximum 
stresses at the connection of the T-joint. This contribution which is discussed in chapter 4 
has practical applications for both new and existing T-joints used in structural 
components. 
 
6.3. Potential future works 
The extension of the research work presented in the previous chapters of this thesis can 
be from both experimental and numerical view points. The results of this study provide 
an in depth understanding and foundation for future research on tubular T-joint 
connections. The possible future research directions are as follows:  
 
1- In the FE models presented in chapters 4 and 5, the effects of residual stresses and 
thermally induced distortions at the welded connection were ignored. The MIG welding 
process employed for the construction of the T-joints consist of melting and solidification 
of the weld and base metals. As a result of the intense heat concentration in a localized 
zone and the subsequent cooling, the temperatures which occur in the vicinity of the weld 
are not uniform. Plastic strains may occur due these localized temperature gradients 
which lead to residual stresses. The investigation of the effects of the residual stresses 
caused by welding, on the behaviour of the welded structure is an interesting research 
project. Such a study can have both experimental and numerical components. The 
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residual stresses should first be measured using experimental techniques and then be 
integrated into the FE model.  
2 – The extension of the simplified approaches proposed for the analysis of SHS-to-SHS 
T-joint connections to tubular T-joints of different cross-sections (i.e., circular, 
rectangular, etc). For this purpose, a comprehensive understanding of the behaviour of 
the tubular T-joint under different types of loadings should first be developed. This would 
be similar to the understanding of the deformation patterns and stress distribution at the 
connection of SHS T-joints presented in chapters 2 and 3. The possibility of using FE 
models consisting of simple modified beam elements for the analysis of T-joints of 
different cross-sections can be an interesting research study. 
 
3- Extending the numerical study on the simplified approaches to tubular joints of 
different geometric configurations of the connecting members (i.e., Y, K, L-joints, etc.). 
In such cases, in addition to the tubes‟ thickness and cross-sectional dimensions, 
geometric parameters such as the angle at which the tubular members are connected to 
one another can affect the stiffness and stress distribution at the connection. 
 
4- Examination of the behaviour of the T-joint connections subjected to low cycle 
fatigue. Due to the extent of plastic deformation in low-cycle fatigue, usually a strain-life 
approach is used in studies involving fatigue failures at cycles lower than a 1000 (some 
experts use 10,000 cycles). This study can be extended to obtain the strain-life curves for 
the materials (both welded and parent) using krouse samples. Once the strain-life curves 
are obtained, they can be used in conjunction with the fracture mechanics approach to 
numerically obtain the total life of the T-joints. Fracture mechanics approaches are often 
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used to predict the rate of crack propagation (e.g. Paris law) and hence to estimate the 
total life of the component. The failure criteria in this case is be based on the values of 
the critical stress intensity factors and the material fracture toughness. The stress intensity 
factors can be determined from a detailed FEA. The estimated lives of the T-joints using 
FEA can then be compared and verified with those obtained from an experimental study. 
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Appendix A: Design and detailed drawings of the test beds used for the 
experimental study  
 
This section presents the test beds developed for the purposes of the experimental study 
of the T-joint connections. The experimental test fixtures were designed at the University 
of Saskatchewan and manufactured at the R & D Department of CNH Canada, Saskatoon 
plant. Figure 1A, shows the different parts of the experimental apparatus. 
 
The experimental test bed consists of 5 main parts. These different parts are as follows: 
1. Base: Three quarter inch thick structural steel plate 
2. T-joint samples: The test specimens are bolted to the apparatus for the experiments. 
These specimens are fixed on two ends (bolted to the base) as can be seen in figure 1A 
and attached (bolted) to part 3 on one end.  
3. A T shape part for the transfer of the applied loads to the test specimens. The linear 
actuator exerts a force onto this part through the use of a coupler. 
4. Stand for the placement of the hydraulic actuator: A linear actuator is bolted down to 
this part and this part is bolted down to the base (part 1) itself. 
5. Hydraulic actuator for the application of the static and cyclic loads. 
 
It should be noted than only the T-shaped part 3, and the stand (part 4) have been 
redesigned for the experimental test rig 2. The remainder of the parts are common 
between the two test fixtures. 
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(a)                                                                           (b) 
 
  
   (c)      (d) 
Figure 1A: Test rig and loading mechanism (a and b) for test rig 2 (out of plane load is 
applied) and (c and d) for test rig 1 (in-plane load is applied) 
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A1 - Detailed drawings of Part 1 (base where the T-joint connection, the stand and 
the hydraulic actuator are bolted to) 
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A2 - Detailed Drawings of the T-joint samples (part 2) 
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A3 - Detailed Drawings of part 3 (corresponding to test rig 2) 
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A4 - Detailed Drawings the Stand (part 4) for test rig 2 
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A5 - Detailed Drawings of part 3 (for test rig 1) 
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A6 - Detailed Drawings the Stand (part 4) for test rig 1 
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